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i  
ABSTRACT 
 
Investigation of Vaporization Enthalpies and Vapor Pressures of Organic Compounds by 
Correlation Gas Chromatography 
 
(August 2018) 
 
 
Carissa R. Nelson 
 
B.S., Biology, M.S., Chemistry, University of Missouri - St. Louis 
Chair of Committee: Dr. James S. Chickos 
 
 
Thermodynamic properties of organic compounds are useful to scientists and manufacturers in 
many areas of research and technology. This work focuses on measuring and reporting these 
properties on materials of commercial, environmental and scientific interest. Vaporization 
enthalpies and vapor pressures of several organic compounds have been studied using correlation 
gas chromatography (CGC) and are reported here as well as in recent publications. The CGC 
method allows for the indirect measurement of these properties in instances where these materials 
are available only in mixtures or in very small amounts. 
 
The qualities of these measurements for any chosen target are directly related to the quality of 
standards chosen. In some cases, no reliable standards are available that most closely represent 
the properties of a molecule of interest. In these circumstances, it is necessary to search and 
identify the appropriate structural features necessary to evaluate the targets of interest. One aspect 
of this work examined the structural features necessary to successfully evaluate both the 
vaporization enthalpy and vapor pressures of several sesquiterpenes, polycyclic natural products 
emitted by plants that are partially responsible for photochemical production of smog. Another 
aspect of this work evaluated both the vaporization enthalpies and vapor pressures of adamantane 
and diamantane, two substances causing depositional problems in natural gas pipelines from 
ii  
reservoirs that are hot. A third aspect evaluated these properties for a series of flavor ingredients 
used in foods. 
 
Included in this dissertation are values evaluated for the following additional substances; 
sesquiterpines : cedrol, E & Z nerolidol, , α & β cedrene, β caryophyllene, α bergamotene, α 
humulene; flavor ingredients: d carvone, β damascenone, geranylacetone, nerylacetone, β 
ionone, isophorone, cis jasmone, two isomers of isojasmone; and tentative evaluations for α 
tocopherol, and tetrahydrocannabinol. 
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Chapter 1 
Introduction 
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1.1 Thermodynamic Properties & Correlation Gas Chromotography 
 
Thermodynamics are defined as, “the science concerned with the relations between heat 
and mechanical energy or work, and the conversion of one into the other: modern 
thermodynamics deals with the properties of systems for the description of which 
temperature is a necessary coordinate” 1. This work focuses on the measurement of two 
thermodynamic properties: vaporization enthalpy and vapor pressure, which are 
evaluated in the condensed phase and are important to a diverse range of disciplines. 
These data can be useful to scientists in a variety of fields such as chemical engineering, 
manufacturing, pharmaceuticals, environmental science, and technology development. 
Vaporization enthalpy is defined as, “the amount of energy that must be added to a liquid 
substance to transform a quantity of that substance into a gas” 2 and vapor pressure is 
defined as, “the pressure exerted by a vapor in thermodynamic equilibrium with its 
condensed phases (solid, liquid, or both) at a given temperature in a closed system” 3. The 
introductions of each subsequent chapter will outline the specific importance of the 
molecules studied in this work and why these properties are significant. Many of the 
compounds under investigation are organic components of air pollution that produce 
smog; others are used in fragrance and flavoring agents where the thermodynamic 
properties of these molecules model their efficiency and useful lifetime. 
 
Vapor pressure depends on temperature in an exponential manner. This temperature 
dependence allows for the evaluation of the amount of energy it takes to vaporize a 
substance (vaporization enthalpy). Heats of vaporization have been studied for more than 
a century and a substantial amount of data is available in the literature. A number of 
methods are available for making such measurements; examples include: static methods, 
ebulliometry, Knudsen effusion, Langmuir effusion, transpiration, chromatographic, 
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thermogravimetric, and calorimetric 4. A brief description of each of these methods is 
provided below. 
 
1. Static methods: Pressure gauges, high-precision manometers or other instruments 
used to measure pressure are utilized to determine the pressure inside a closed 
vessel containing a compound of interest. The vessel is evacuated and the 
temperature is held constant until an equilibrium between the liquid and gas 
phases are reached. 
2. Ebulliometry (Boiling point) methods: Saturated vapor pressure is measured at 
the boiling temperature using an ebulliometer. This apparatus is similar in 
principle to an open boiler operating at atmospheric pressure. 
3. Knudsen effusion (mass effusion) methods: A sample’s rate of vaporization is 
measured as mass loss as the sample diffuses through a pinhole in the Knudsen 
cell at a constant temperature. This data can be related to vapor pressure using 
Knudsen’s equation. 
4. Langmuir effusion methods: A compound in the condensed phase is allowed to 
vaporize on a free surface where the measurement of mass loss is independent of 
equilibrium and used to equate vapor pressure using the Langmuir equation. 
5. Transpiration (gas saturation) method: A carrier gas is passed through a saturator 
containing the sample to be measured at a rate sufficient to maintain equilibrium. 
The mass of the vaporized substance is analyzed with Dalton’s and the ideal gas 
law to determine its vapor pressure. 
6. Chromatographic methods: Gas chromatography is used in a manner typical to 
classic experimental design. Correlation gas chromatography will be detailed in 
the following paragraphs. 
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7. Thermogravimetric analysis (TGA) method: The thermal evaporation of a sample 
over time is controlled by temperature changes and its mass is recorded. The rate 
of mass loss over time and temperature change can be used to derive several 
phenomena including phase change. 
8. Calorimetric methods: Vaporization enthalpy is measured directly using a 
calorimeter where the enthalpy change of a substance is proportional to the heat 
transferred. Typical calorimeters used include: differential scanning calorimeters 
(DSC), adiabatic calorimeters, and drop calorimeters. 
 
Correlation gas chromatography was the experimental method used for the research 
comprised in this dissertation. This approach was used to measure several tertiary 
alcohols, polycyclic hydrocarbons, ketones, and large multifunctional compounds for the 
elucidation of their vaporization enthalpies and vapor pressures. CGC is a highly 
desirable technique due to the expedited results, ease of operation, frequent omission of 
the need for purification, minimal sample amount required, the ability to measure 
crystalline materials with the dexterity to extract values for subcooled liquids of materials 
that are solids 5. These values in addition to fusion enthalpies are used to construct a 
thermochemical cycle for either corroborating or determining sublimation enthalpies. As 
this disquisition will illustrate, CGC has the additional benefit of being able to utilize 
surrogate standards when published data for typical functionally equivalent standards is 
unavailable or lacks sufficient reference data. 
 
While chromatography dates back to the separation of plant pigments by Mikhaik Tswet 
in 1903 using paper chromatograms, vapor as the mobile phase did not appear until 
Schuftan and Eucken introduced it in the 1930’s 6. In 1952, Martin and James first 
described the use of a gas-liquid partition chromatography technique for the separation of 
volatiles 7. This method was further improved on by Littlewood et al. in 1955 when they 
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collected a large amount of data which was presented as plots of retention volumes vs. 
the inverse of the column temperature (1/T) 8. Later, Peacock and Fuchs reported a 
method for measuring the heats of vaporization using GC to deduce to the enthalpy of 
transfer from solution to vapor (1977). This was combined with calorimetry to correct for 
the heat of solution of the analyte on the column’s stationary phase 9. Chickos et al. later 
modified this calorimetric-GC method to exclude the need for calorimetric 
measurements, greatly simplifying the experimentational methodology (1995) 10. 
 
Correlation gas chromatography is a reliable, fast method of obtaining vaporization 
enthalpies and vapor pressures provided that appropriate standards are chosen that have 
reliable published properties. The CGC procedure is facile and robust; an outline of the 
method is as follows: A small amount of sample is added to a volatile non-retained 
solvent such as methylene chloride (DCM), carbon tetrachloride, methanol, or a small 
hydrocarbon such as pentane or hexane. A set of standards that will bracket a target 
compound as far as elution time are also added. If the solvent is retained at a given 
temperature of interest, a reference gas such as methane, propane, or butane is bubbled 
into the sample solution. At temperatures below 100ºC, some solvents can interact with 
the column requiring the use of one of these gases. Several unknown targets can be 
measured simultaneously with a set of standards as long as the chromatography can 
adequately separate each of the compounds. Thus, CGC is a rapid way to analyze 
multiple targets within the same family of functionality and with similar volatility (or 
size). 
 
The work presented within this dissertation was acquired using either an HP-1, DB-5, or 
a SLB-5 column at differing lengths. HP-1 columns are nonpolar dimethylpolysiloxane 
best suited for small molecules, especially alcohols 12. SLB-5 columns are also nonpolar 
consisting of poly(5% diphenyl/95% dimethyl siloxane) and having a slight preference 
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for aromatic compounds 13. DB-5 columns consist of (5%-phenyl)-methylpolysiloxane 
and are nonpolar, general use columns 14. 
 
Gas chromatography has the capability to utilize several detection methods. All 
experiments in this work were done using flame ionization detection (FID) fueled by 
hydrogen/air which pyrolyzes organic molecules using a flame. Electrodes near the flame 
detect the current induced by cation and electron formation of pyrolysis where an 
increase in current appears as a peak on the chromatogram. FIDs have the advantage of 
low detection limits, as low as a few picograms per second 15,16. 
The quality of a correlation depends on the choice of appropriate standards. Standards 
should be chosen carefully to reflect the functional group/s present in the unknown 
molecule and be of similar size with reliable thermodynamic data available. The CGC 
technique relies on a linear correlation ascertained between enthalpies of transfer from 
solution to vapor (∆g H ) as measured by the inverse temperature dependence of 
residence time on the column, and the vaporization enthalpies of a set of standards 
(∆g H ). The linear interrelation between these data is empirical and requires independent 
confirmation. Another advantage of this method is that temperature range choice is 
arbitrary and chosen based on optimal elution time of the compounds. 
The enthalpies of transfer from the condensed to the gas phase are ascertained by 
measuring the retention times of all targets and standards in solution as a function of 
temperature. An adjusted retention time is used to correct for the dead volume on the 
column by subtracting the elution time of a non-retained reference, frequently the solvent 
from the retention times of the analytes as measured by the gas chromatograph. The 
residence or adjusted retention time (ta) quantifies the amount of time that a solute spends 
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on the stationary phase of the column and is equal to the retention time of the solute (t) 
minus the retention time of the non-retained reference (tnr). 
 
 
ta = t - tnr (E-1) 
 
 
 
A compound’s vapor pressure on the column is inversely proportional to this retention 
time. A plot of ln(to/ta) vs. 1/T(K), where to refers to 1 minute, produces a straight line 
whose slope is equal to -∆g H (T )/R. T is the mean temperature of the experiment and 
-∆g H is the sum of vaporization enthalpy at the mean temperature (∆g H (T ) and the 
enthalpy of solution or adsorption on the column (∆slnHm) at the same temperature. 
 
 
∆g   H  (T  ) = ∆g H  (T  ) + ∆   H (T ) (E-2) 
 
 
 
This equation summarizes the thermodynamics of the measurements. Since the solute is 
assumed to be dissolved or is adsorbed on the stationary phase of the column, the same 
thermodynamic cycle applies to both liquids and solids 11. A plot of the literature values 
of ∆g H (298.15 K) vs. ∆g H (T ) also results in a linear relationship provided the 
standards are appropriately chosen. The slope that is generated can be used to deduce the 
∆g H (298.15 K) of all compounds used in the study 10. Correlation coefficients, R2 
values of these plots generally exceed .99 if the standards are appropriately chosen. 
For clarity, a specific example for β-damascenone is shown below including adjusted 
retention times and the temperature of the measurement (Table 1.1) followed by the data 
for ln(to/ta) and 1/T(K) (Table 1.2) and its graphical representation (Figure 1.2). This plot 
provides the equation that β-damascenone’s slope and intercept is derived from. 
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Figure 1.1 Structure of β-Damascenone 
 
 
 
 
 
 
 
Table 1.1 β-Damascenone raw data 
 
T (K) 397.85 402.85 407.95 412.85 417.85 422.85 427.95 
ta 14.294 11.819 9.807 8.214 6.909 5.843 4.972 
 
 
 
 
 
Table 1.2 β-Damascenone data to be graphed 
 
1/T ln(1/ta) 
0.002514 -2.6598 
0.002482 -2.4697 
0.002451 -2.2831 
0.002422 -2.1059 
0.002393 -1.9328 
0.002365 -1.7652 
0.002337 -1.6038 
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Figure 1.2 1/T vs ln(1/ta) for β-Damascenone 
 
 
-Damascenone 
 
-1.4 
 
-1.6 
 
-1.8 
 
-2.0 
 
-2.2 
 
-2.4 
 
-2.6 
 
-2.8 
0.002320.002340.002360.002380.002400.002420.002440.002460.002480.002500.00252 
1/T (K) 
 
y = -5986.2x + 12.39; R² = 0.9999 
 
 
 
 
The absolute value of the slope of this equation is then multiplied by the gas constant R 
(8.314) to obtain ∆gslnHm(Tm) of the unknown compound. This is also done for all the 
standards in the experiment. The ∆gslnHm(Tm) of the standards are then plotted against 
their literature ∆glHm(298.15 K) values (Figure 1.3) 
ln
(1
/t a
) 
10  
sln    m     m l m 
l m 
sln m m 
Figure 1.3 ∆g H (T ) vs. ∆g H (298.15 K) of the standards 
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gslnHm(Tm) 
y = 1.349x + 536.37; R² = 0.9953 
 
 
 
 
 
The equation of this plot allows for the determination of the unknown ∆g H (298.15 K) 
value of β-damascenone for example by inserting its ∆g H (T ) value in for “x”. 
Since residence time on the column is inversely proportional to vapor pressure, a plot of 
ln(to/ta) vs. ln(p/po) of the standards where po = 101325 Pa also produces a straight line 
whose slope is linear over an extensive temperature range as long as, again, the standards 
are appropriate and have reliable vapor pressure values as a function of temperature. The 
value for a target molecule can be deduced from this relationship at a given temperature 
using its value of ln(t0/ta) and the equation of the line. 
g
lH
m
 (2
98
.1
5 
K
) 
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Figure 1.4 ln(to/ta) vs. ln(p/po) of the standards (298.15 K) 
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ln(p/p0) 
 
 
y = 1.1424x - 1.6351; R² = 0.9992 
 
 
 
 
The equation produced from this plot is then used with an unknown’s value of ln(to/ta) to 
extract its vapor pressure. These values for individual vapor pressures can be extracted 
over a range of temperatures, usually up to 500 K in 10 K increments. The data is fit to a 
second order polynomial for extrapolation of the data. In order to check the quality of 
these results, correlations can be performed over a range of temperatures and the results 
fit to a polynomial, can be extrapolated to predict normal boiling temperatures of both 
standards and target molecules for comparison to known or predicted values. For normal 
boiling temperatures, po = 101325 Pa, this occurs when ln(p/po) is equal to zero. Below is 
an example of how the information is reported. 
ln
(t o
/t a
) 
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Table 1.3 Vapor pressure and Tb from correlations between ln(to/ta)avg and ln(p/po)lit at T = 
 
298.15 K 
 
 
β-Damascenone a 
 
 
ln(to/ta)avg ln(p/po)lit ln(p/po)calc 
pl/Pa TB/K 
calc/lit calc/lit 
-7.28 -10.40 -10.53±0.55 2.7±1.6/2.5 530.4/547.2 
a Data with references can be found in Chapter 2 
 
 
 
 
1.2 Overview of Research Goals 
 
 
Many important compounds lack information regarding their thermodynamic properties. 
It is the intention of this work to collect and provide these measurements to the scientific 
community. There are also many important and interesting compounds that have not been 
examined because they currently lack appropriate standards with reliable ∆Hv and/or 
vapor pressure values. For these samples, this work also explores the use of appropriate 
surrogates that could be used in these circumstances. Since this technique is still in an 
early stage of development, it is also important to evaluate the scope and limitations of 
this C-GC technique. 
The vaporization enthalpies and vapor pressures of a large variety of terpenes (C10 
compounds) have been reported in the literature. These are plant materials with very 
useful commercial and medicinal properties. In addition, they are major organic 
pollutants released in the environment by plants. These monoterpenes produced by 
vegetation can be oxidized and condensed producing photochemical smog in the 
atmosphere. Their presence affects the composition of the particulate load in the 
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atmosphere, climate, and even the brightness of clouds3,4. Once evaluated, these terpenes 
can then be used as standards to measure other important compounds with the same 
functionality. 
Sesquiterpenes (C15 compounds) are another class of materials also produced by plants. 
Unlike the terpenes, the thermochemical properties of these materials have barely been 
examined. These materials are likewise important commercially and also contribute to air 
pollution.  A goal of this dissertation is to examine the thermochemical properties of 
these types of materials which are considerably less volatile than the terpenes, but equally 
important. 
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Chapter 2 
Cedrol & Nerolidol 
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2.1 Introduction 
 
The vaporization enthalpies and vapor pressures of (+)-cedrol, (dl) E- and Z-nerolidol, 
and 1-adamantanol were studied and analyzed. Both cedrol and nerolidol are tertiary 
sesquiterpene alcohols, while adamantanol is a polycyclic alcohol. 1-Adamantanol was 
evaluated as both an unknown and used as a standard to alleviate concerns arising from 
solely using primary alcohols as standards in the evaluation of tertiary ones. Some results 
procured from adamantanol were unexpected and are discussed in 2.4. 
 
Cedrol ((1S,2R,5S,7R,8R)-2,6,6,8-Tetramethyltricyclo[5.3.1.01.5]undecan-8-ol) is a C15 
tertiary alcohol found in cedarwood oil from cedar, juniper, and cypress trees 1. 
Cedarwood oil is commonly used in various cosmetic applications such as: perfumes, 
soaps, detergents, massage oils, and furniture restoration. This oil is also applicable in 
laboratory use as an immersion oil and for home uses as flea, moth, and mildew repellant. 
Since cedarwood oil is an effective repellant of several insects, it can be found in 
products related to pet supplies such as collars and bedding, as well as topical insect 
repellants and sunscreens for their bipedal counterparts 1. 
 
Up to 50% of cedarwood oil is composed of cedrol 2 which shows strong repellant 
activity against mites, peanut trash bugs, and moths providing a less toxic and stinky 
alternative to naphthalene or Deet products. Antithetically, cedrol has also been identified 
as an attractant for pregnant Anopheles gambiae species mosquitos which prevail as the 
most efficient malaria vectors in sub-Saharan Africa 3. Cedrol could purportedly be used 
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to attract these pregnant mosquitos to a poisoned bait trap in order to subdue the populace 
as vector control perseveres as the first defense against malaria transmission. 
Nerolidol (3,7,11-Trimethyl-1,6,10-dodecatrien-3-ol or Peruviol) is another tertiary 
sesquiterpene studied in this work. It is found as a mixture of the cis and trans isomers 
present in Peru balsam, ginger, neroli (bitter orange), tea tree, lemon grass and jasmine 4. 
It is used in perfumes and as an added flavoring agent. Nerolidol is found innately in 
wines made from Gewürztraminer grapes; it is produced by yeast during the fermentation 
process and adds to the flavor and aroma of the libation 5,6. Nerolidol has insecticidal 
properties with respect to cabbage and diamondback moths, where it attracts a parasitic 
wasp (Diadegma semiclausum) that lays its eggs within the moth larvae 7,8. Interestingly, 
it is also being used within the medicinal fields as a transdermal drug delivery enhancer 9. 
Due to the volatile nature and their inherent uses, the thermodynamic properties of these 
compounds are of interest to our lab and will be useful to the scientists and manufacturers 
who use them. 
 
 
 
2.2 Experimental 
 
2.2.1 Compounds: Identity and Purity Controls 
 
The (+)-Cedrol sample was gifted to our lab by Prof. R.E.K. Winter and recrystallized 
repeatedly in ethanol. A melting point of 84-86°C was obtained (lit. 86-87 °C 10) and the 
value for optical rotation was obtained as []D 22.8°C = +9.6±0.02° (c = 5 g/100 mL 
CHCl3) compared to natural cedrol as []D 28°C = +9.9±0.4° (c = 5.0 g/100 mL) 10. An 
infrared spectrum was compared to the published spectrum reported in the NIST 
webbook 11. Upon inspection using GCMS, the mass spectrometer identified 3 peaks 
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within the total ion current. The first and second peak had similar fragmentation patterns 
and a molecular ion of m/z = 204. These peaks and respective fragmentation patterns are 
consistent with those of - and -cedrene as identified by the NIST/EPA/NIH MS 
library, but were also confirmed by chemical synthesis from cedrol 12. This synthesis 
found that based on the relative concentrations, the first peak to elute was (-)--cedrene 
and the second minor peak as (+)--cedrene. The third peak had a molecular ion of m/z = 
222 and a fragmentation pattern consistent with that of cedrol as reported by the 
NIST/EPA/NIH MS library 11. Upon injection into the gas chromatographer, the ratio of 
the two cedrenes and cedrol varied with runs, but the ratio between / cedrene was 
relatively consistent at ~12/1. The spectrum obtained by GC analysis showed sharp peaks 
consistent with the dehydration of cedrol occurring within the injection port of the 
instrument. A typical chromatogram of cedrol and its dehydration products is provided in 
Figure AI-1 in Appendix I. 
The Nerolidol sample was purchased from Biddle Sawyer and the isomers were measured 
as consisting of Z = 0.32 and E = 0.68 mass fractions. The stereochemistry of the 
diastereoisomers was designated based on the relative composition and retention times in 
previous studies 13. A comparison of its infrared spectrum to that provided on the NIST 
webbook also confirmed the characterization of nerolidol 11. 
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Figure 2.1. Structures of (+)-cedrol, Z- (top) and E- nerolidol (bottom), and 1- 
adamantanol 
 
 
 
 
 
 
 
 
 
2.2.2 Synthesis of Cedrenes 
 
Breitholle and Fallis provided a procedure for the chemical synthesis of cedrenes from 
cedrol which was used in this work 12. (+)-Cedrol (0.5g) was reacted with thionyl 
chloride (1 mL) in dry pyridine (10 mL) at T = 273 K and the solution was stirred for 2 
hrs. The reaction was then quenched with cold water and extracted with ether (3X). The 
layer of ether was then extracted with aqueous HCl (10 %, 3X) and the resulting solution 
was dried with anhydrous magnesium sulfate, concentrated, mixed with dichloromethane 
and injected into the gas chromatographer. The resulting spectra are available in 
Appendix I for both the thermally induced and chemically prepared cedrenes (Figure AI- 
2). The ratio of / cedrene procured by our synthesis was ~20/1, while the thermally 
produced material was ~12/1. The literature reports a 5/1 ratio from Breitholle and Fallis, 
whereas a sample from Aldrich reports a 6/1 composition 12. 
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Figure 2.2. Structures of (-) -cedrene (left, major) and (+) -cedrene (right, minor). 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.3 Methods 
 
 
All GC/MS experiments were conducted on a Hewlett Packard GC/MS System Model 
5698A operating in electron ionization mode (EI) at 50 eV. The instrument was equipped 
with a Supelco SLBTM-5 capillary column utilizing He as the carrier gas (30m x 0.25 
mm; 0.5μm film thickness) with an oven temperature of T = 373K. Optical rotations were 
measured using a JASCO P-200 polarimeter. 
Gas chromatographic measurements were performed isothermally on both an HP 5890 
and HP 5890 Series II instruments running HP Chemstation software at T = (413-443) K 
for runs 1 & 2, and T = (423-453) K for runs 3 & 4 within 5 K increments. The former set 
of experiments was performed using a 30m DB-5 column, while the latter were run on a 
12m HP-1 column. All experiments used He as a carrier gas and methylene chloride as 
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the solvent which was not retained on the column at the temperatures of the experiments, 
as well as flame ionization detection. 
The experimental equations are detailed in Chapter 1.1. Temperature adjustments of 
fusion enthalpy from T = (Tfus to 298.15) K was achieved using equation (E-2.1). The 
Cp(c) term in equation (E-2.1) refers to the heat capacity of the crystal whereas the Cp(l) 
term represents the heat capacity of the liquid, both at T = 298.15 K. Both terms used 
here are estimated since equation (E-2.1) has been generated empirically using estimated 
values 14,15. 
 
 
∆Hfus(298 K)/ kJ·mol-1 = ∆Hfus(Tm) + ∆Htrs(Ttrs) + 
[0.15C p(cr) - 0.26Cp(l) - 9.83][Tfus/K - 298.15]/1000 (E-2.1) 
 
 
∆Hsub(298 K)/ kJ·mol-1 = ∆Hsub(Tm) + 
[0.75 + 0.15C p(cr)][Tm/K - 298.15]/1000 (E-2.2) 
 
 
The uncertainties provided in this body of data refer to one standard deviation (σ) defined 
by the Guide to the Expression of Uncertainty in Measurement 16 unless otherwise noted. 
All slopes and intercepts reported here and in the appendices were calculated using linear 
regression. Any uncertainties in vapor pressures originating from logarithmic terms by 
linear regression are averaged σ. Uncertainties for vapor pressures measured as a function 
of temperature were found using the uncertainties affiliated with the correlation equation 
evaluated at each respective temperature. Uncertainties calculated from composite results 
were evaluated as (u 2 + u 2 )0.5. Uncertainties in the temperature adjustments for fusion 
enthalpy have been assigned as ±30% of the total adjustment for temperature. This value 
was arrived at from consideration of the standard deviations associated with estimations 
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of C p(l) and C p(c), (±19.5 and ±26.7 J·K-1·mol-1, respectively). Uncertainties in normal 
boiling temperature calculations are discussed in Appendix I. 
Vaporization enthalpies of the standards were reported in the literature at T = 298.15 K, 
or were previously adjusted to this temperature and reported here in Table 2.1. The 
enthalpies provided for 1-octanol and 1-decanol were extracted from the critical review 
by Majer & Svoboda 17. The values reported for 1-undecanol, 1-dodecanol,1- 
tetradecanol, 1-pentadecanol, and 1-hexanol are averaged from two references 18,19. Other 
original references are found in the footnotes of Table 2.1. 
 
 
 
 
Table 2.1 Experimental enthalpies of vaporization at T = 298.15 K and coefficients of 
equation (3) of the alcohol standards ; po/Pa = 101325a 
 
 g l Hm(298 K) 
kJ.mol-1 
A B/K 10-2(C/K)2 TB /K
a 
Calc / Lit. h 
1-Octanol 71.0b 8.2460.175 -1524.4130 -10918235 466.7/468.3 
1-Decanol 81.5b 7.8100.174 -1351.0128 -12964232 503.1/504.3 
1-Undecanol 85.81.5c 7.5690.122 -1230.892 -14070170 520.0/516.2 
1-Dodecanol 90.81.1d 9.2790.332 -2514.6242 -12706437 532/532 
1-Tetradecanol 98.92.5e 6.6160.40 -609.7309 -18008.9590 569.4/562.2 
1-Pentadecanol 103.51.4f 9.0910.480 -2563.0360 -15337668 575.2/583.4i 
1-Hexadecanol 108.55.4g 7.5750.558 -1391.0445 -18510877 594.5/597.2i 
a Vapor pressures from references [20, 21, 22] fit to equation (3); see reference [18, 19] 
for details; uncertainties are one standard deviation 
b Reference [16, 17]. 
c Average value, evaluated in reference [19]; references from [21, 22]. 
d Average value, references from [21, 22, 31, 32]. 
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e Average value, references from [21, 22, 31, 32]. 
f Average value, references from [21, 33]. 
g Average value, references from [21, 22, 29, 33, 34]. 
h Reference [35] unless noted otherwise. 
i Reference [20]. 
 
 
 
 
Most vaporization enthalpy standards have reported vapor pressures and vapor pressure 
equations in the form of a second order polynomial (E-2.3) from various sources with the 
exception of 1-tetradecanol 19. Vapor pressures for 1-tetradecanol calculated from the 
Chebyshev polynomial in 10 K intervals were derived from correlations rather than 
experimental data 20 from T = (448.19 to 498.19). The equation and coefficients can be 
found in Appendix I. These vapor pressures were combined with those from the work of 
Kulikov et al. 21 from T = (312.3 to 346.6) K and also with those reported by Guimbi et 
al. 22 from T = (333.2 to 438.2) K and fit to a second order polynomial. The constants of 
E-3 for all standards can be found in Table 2.1. 
 
 
ln(p/po) = A  + B(T/K) +  C(T/K)2 (E-2.3) 
 
 
 
Estimations performed for vaporization enthalpies of the compounds of this study, 
hydrocarbons containing one functional group, is given by E-2.4. The term nC describes 
the total number of carbon atoms, nQ refers to the quantity of quaternary sp3 hybridized 
carbons, and C is a correction term that does not apply to the materials in this work. This 
equation typically emulates vaporization enthalpies within 5 % for substances consisting 
of up to ~15 carbon atoms 23. 
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l m C Q Q 
 
 
 gH  (298.15)/kJmol-1= 4.69(n  -n  ) +1.3n   + b + 3.0 + C (E-2.4) 
 
 
 
 
Since the targets in this research are tertiary alcohols, and questions arise as to whether or 
not primary alcohols are sufficiently suited to measure them 19, 1-adamantanol has also 
been used both as an unknown and a standard for comparison. Although the vaporization 
enthalpy of 1-adamantanol has not been measured directly, the sublimation, fusion, and 
solid-solid phase transition enthalpies are available 24,25. The solid to liquid properties of 
1-adamantanol are provided in Table 2.2 below. A combination of the solid to solid 
transition and the fusion enthalpies (ΔHtpce) adjusted to a common temperature, can be 
subtracted from the sublimation enthalpy to deduce the vaporization enthalpy. A solid to 
solid transition, Tt = (11.29±0.23 kJmol-1) at T = 357.1 K. and the fusion enthalpy, Tfus 
= (12.36±0.25 kJmol-1) at 552.9 K has been reported 24. Together, the ΔHtpce, adjusted to 
T = 298.15 K using equation (E-2.1) and estimated solid and liquid heat capacities is 
(10.2±4.0) kJmol-1. The resulting ∆Hv is calculated as (± kJmol-1, compares to 
an estimated value of (75.9±3.8 kJmol-1) derived from equation (E-2.4). 
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Table 2.2 Fusion and sublimation enthalpies and temperature adjustment for 1- 
adamantanol; po =101325 Pa 
 
A  Ttrs/K  Tfus/K Cp(l)/Cp(cr)
b 
JK-1mol-1 
 
crcr2Hm(Tfus K) kJmol-1 
lH (T K) kJmol-1 cr m trs 
1-Adamantanola 11.29±0.23 357.1 12.36±0.25  288.3/212.3 
B      
gH (298.15 K) cr m 
kJmol-1 
tpceHm 
kJmol-1 
ΔCpΔT 
 
kJmol-1 
 
crlHm(298.15 K) kJmol-1 e 
g 
l Hm(298.15 K) 
 
kJmol-1 
 
Lit. Estf 
86.730.22 c 
 
86.80.2c 
 
86.62.5 d 
 
 
23.65±0.34 
 
 
-13.5±4.0 
 
 
10.2±4.1 
  
 
± 75.9±3.8 
a Reference [24]. 
b Reference [14, 15]. 
c  Reference [25]. 
d  Reference [38]. 
e Calculated using an average value of (86.71.0) kJmol-1 for 





gH (298.15 K). 
 
f Estimated using equation [E-2.3]. 
 
 
 
 
2.3 Results 
 
 
2.3.1 Vaporization Enthalpies 
cr m 
 
 
1- Adamantanol was correlated twice with 1-alkanols, Tables 2.4 and 2.5, where Htrn(Tm) 
vs.  gH (T ) produced an average vaporization enthalpy of (74.82.9) kJmol-1 (See 
Table 2.5). This result, when compared to the calculated value obtained from subtracting 
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solid-solid and fusion enthalpies from sublimation enthalpy (76.5±4.2) kj·mol-1 validates 
that the values are within experimental uncertainty of each other. These results were then 
used as a standard value for subsequent evaluations of the target molecules. Vaporization 
enthalpy correlation data is reported in Table 2.3 below. 
 
Similar correlations to those in Table 2.1 are also recorded for both isomers of nerolidol 
as well as cedrol in Table 2.3. 1-Adamantanol was used as a standard in these evaluations 
using its vaporization enthalpy obtained from runs 1 & 2. It should be noted that the 
enthalpies of transfer differ in runs 1 & 2 from those in runs 3& 4 since a different 
column was used in these experiments (See 2.2.3). The vaporization enthalpies however 
are calculated to be well within experimental uncertainty of each other. It should also be 
noted that when 1-adamantanol is evaluated as an unknown in the latter experiments, the 
average value of its vaporization enthalpy is also within experimental error of that in the 
former. A summary of results is provided in Table 2.5. Elution times, temperatures, and 
the correlations of each run can be found in Appendix I (AI-1 thru AI-4). 
 
 
 
 
 
Table 2.3 Correlation of ΔtrnH(449 K) with Δ gH m(298 K) of the standards; uncertainties 
are one standard deviation; po =101325 Pa 
 
Run 1 - slope 
T/K 
intercept Htrn(428 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit)a 
g 
l Hm(298 K) 
kJmol-1(calc) 
1-Octanol 4778.521 11.2030.049 39.730.17 71.00.1 71.32.8 
1-Decanol 5633.924 12.1660.056 46.840.20 81.50.1 80.93.0 
1-Adamantanol 5083.819 10.7030.045 42.260.16  74.72.9 
1-Undecanol 6074.825 12.6940.059 50.50.21 85.81.5 85.93.1 
1-Dodecanol 6527.726 13.2570.061 54.270.22 90.81.1 91.03.2 
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g -1 
l Hm(298.15 K)/kJmol = (1.3570.034)Htrn(428 K) + (17.342.15) r2 = 0.9978 (E-2.5) 
a Literature references are provided in table 2.1. 
 
 
 
 
 
 
Table 2.4 Correlation of ΔtrnH(449 K) with Δ gH m(298 K) of the standards; uncertainties 
are one standard deviation; po =101325 Pa 
 
Run 3 - slope 
 
T/K 
intercept Htrn(428 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
1-Adamantanol 4765.913 10.9640.029 39.620.11 74.82.9a 74.81.3 
Z-Nerolidol 6349.418 13.4730.041 52.790.15 
 
91.41.5 
E-Nerolidol 6469.318 13.6180.042 53.780.15 
 
92.71.5 
(+)-Cedrol 6050.316 12.4190.036 50.300.13 
 
88.31.4 
1-Tetradecanol 7060.322 14.4940.051 58.700.18 98.92.5 98.91.5 
1-Pentadecanol 7537.723 15.1430.053 62.670.19 103.51.4 103.91.6 
1-Hexadecanol 7940.926 15.6270.060 66.020.22 108.55.4 108.21.6 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.2650.019)Htrn(428 K) + (24.61.1) r
2 = 0.9996 (E-2.6) 
a Value evaluated in runs 1 and 2. 
 
 
 
 
 
Table 2.5 A summary of the vaporization enthalpies at T = 298.15 K evaluated in runs 1- 
4; uncertainties are 1 standard deviation; po =101325 Pa; enthalpies in kJ.mol-1 a 
 
 Run 1 Run 2 Run 3 Run 4 Averageb Lit Estimatec 
1-Octanol 71.32.8 71.32.7   71.32.8 71.00.1 69.93.5 
1-Decanol 80.93.0 80.92.9   80.93.0 81.50.1 79.34.0 
1-Adamantanol 74.72.9 74.82.8   74.82.9d  75.93.8 
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1-Undecanol 85.93.1 85.93.0  85.93.1 85.81.5 84.04.2 
1-Dodecanol 91.03.2 91.03.1  91.03.2 90.81.1 88.74.4 
1-Adamantanol  74.81.3 74.81.5 74.81.4 74.82.9 75.93.8 
Z-Nerolidol  91.41.5 91.41.7 91.41.6  99.45.0 
E-Nerolidol  92.71.5 92.61.7 92.71.6  99.45.0 
(+)-Cedrol  88.31.4 88.21.6 88.31.5  92.64.6 
1-Tetradecanol  98.91.5 98.81.8 98.91.7 98.92.5 98.14.9 
1-Pentadecanol  103.91.6 104.01.8 104.01.7 103.51.4 102.85.1 
1-Hexadecanol  108.21.6 108.11.9 108.21.8 108.55.4 107.45.3 
a Literature references cited in tables 1 and 2. 
b Uncertainties are one standard deviation averaged over duplicate runs. 
c Evaluated using equation [E-2.4]. 
d Value evaluated in runs 1 and 2, averaged, and the average used as a standard in runs 3 
and 4. 
 
 
 
 
 
2.3.2 Vapor Pressures 
 
 
Liquid vapor pressures for 1-adamantanol were assessed by using the values of to/ta at 
 
298.15 K from the slopes and intercepts of the standards obtained by correlations from 
runs 1 & 2. Since both runs were evaluated under very similar conditions, the two values 
were averaged. The values of ln(to/ta)avg for all standards were correlated against their 
vapor pressure calculated using the constants of Table 2.1. The same was repeated in runs 
3 & 4 where ln(to/ta)avg for each standard was correlated with its vapor pressure in the 
form ln(p/po). Table 2.6 contains a summary of these results at T = 298.15 K. This 
operation was repeated in 10 K intervals from T = 310 K to T = 500 K with correlation 
coefficients (r2) that exceeded 0.997 at each temperature. Each individual vapor pressure 
of a compound was fit a second order polynomial (E-2.3), where the resulting 
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coefficients are reported in Table 2.7. Vapor pressures for the targets, 1-adamantanol, 
cedrol, and Z and E-nerolidol, are provided in Appendix I (AI-7) from T = 298.15 K to T 
= 500 K in 10 K intervals. 
 
 
 
 
 
 
Table 2.6 Vapor pressures from correlations between ln(to/ta)avg and ln(p/po)lit at T = 
298.15 K; 
 
 
Runs 1 &2 
 
ln(to/ta)avg 
 
ln(p/po)lit 
 
ln(p/po)calc 
pl/Pa 
calca/lit b 
1-Octanol -4.820 -9.15 -9.150.02 (10.70.2)/10.8 
1-Decanol -6.728 -11.31 -11.300.02 (1.20.3)/1.2 
1-Adamantanol -6.348  -10.880.02 (1.90.04)/2.7c 
1-Undecanol -7.681 -12.39 -12.380.03 (0.430.004)/0.42 
1-Dodecanol -8.634 -13.45 -13.450.03 (0.150.004)/0.15 
 
ln(p/po) = (1.1280.002)ln(to/ta) - (3.7130.017) 
  
r2 = 0.9999 (E-2.7) 
   
Runs 3 & 4     
1-Adamantanol -5.024 -10.88 -10.860.18 (2.00.3)/2.7c 
Z-Nerolidol -7.825  -14.120.20 (0.0750.02)/0.079c 
E-Nerolidol -8.081  -14.420.20 (0.0550.01)/0.079c 
(+)-Cedrol -7.875  -14.180.20 (0.070.01)/0.064c 
1-Tetradecanol -9.189 -15.69 -15.710.22 (0.0150.003)/0.015d 
1-Pentadecanol -10.15 -16.76 -16.830.23 (0.0050.001)/0.0051 
1-Hexadecanol -11.013 -17.91 -17.840.24 (0.00180.004)/0.0004 
 
ln(p/po) = (1.1650.017)ln(to/ta) - (5.0060.15 
  
r2 = 0.9996 (E-2.8) 
a Uncertainties evaluated from the correlation equation at T = 298.15 K. 
b Reference [35] unless noted otherwise. 
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c Estimate; reference [28]. 
d Experimental database; reference [28]. 
 
 
 
 
Table 2.7 Constants of the second order polynomial, equation (E-2.3), obtained from 
correlations of ln(to/ta)avg with ln(p/po)lit from T = (298.15 to 500) K and predicted boiling 
temperatures; po = 101325 Paa 
 
Runs 1 & 2 A B C TB/K 
calcb /lit 
1-Octanol 7.9020.0016 -1272.951.3 -1136398237 468.2/468.3c 
1-Decanol 8.1390.001 -1593.5180.7 -1253254139 502.3/504.3c 
1-Adamantanol 6.3680.039 -881.51530 -12705535634 521.2/493d,e 
1-Undecanol 8.3240.001 -1778.8270.6 -1310066112 517.7/516.2c 
1-Dodecanol 8.5310.025 -1,967.7119 -1,367,7013613 532/532c 
Runs 3 & 4     
1-Adamantanol 6.1870.041 -739.43831 -12953475935 521.2/493d,e 
Z-Nerolidol 7.4640.005 -1354.5013.74 -1514999362 550.3/565 d,e 
E-Nerolidol 7.4450.006 -1353.7294.83 -1540142913 554.7/565d,e 
(+)-Cedrol 5.7190.006 -622.28250.5 -15842339549 583.5/553.4d,e 
1-Tetradecanol 7.7670.002 -1520.2591.27 -1633724240 566.8/562.2c 
1-Pentadecanol 7.8910.003 -1599.5482.34 -1720632443 579.1/583.4f 
1-Hexadecanol 7.8040.003 -1586.7562.00 -1806149378 593.3/597.2 f 
a Uncertainties represent one standard deviation evaluated by sigma plot. 
b All uncertainties in calculated values were found to be (0.1 K ) or less suggesting that 
equation E-2.3 provides a good fit of the correlated results; uncertainties in the predicted 
values of the standards, however, are generally larger as indicated in the table. See the 
Supporting Data for details concerning how the uncertainties were evaluated. 
c Reference [35]. 
d Not available. 
e Estimate; reference [28]. 
f Reference [20]. 
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2.4 Discussion & Conclusions 
 
 
 
A summary of vaporization enthalpies is provided in Table 2.5 including estimations (E- 
2.4). Estimations for the aliphatic alcohol standards, cedrol, and adamantanol fall within 
the error limits cited. Nerolidol isomers however are significantly over-predicted by this 
equation which tends to happen as the size of the molecule increases. 
Vapor pressures evaluated by correlation of both the standards and targets were 
calculated and reported here in Table 2.6 which seem to reproduce not only vapor 
pressures at T = 298.15 K, but also most of the normal boiling temperatures of standards 
rather well (Table 2.7). Adjustments to boiling temperatures at reduced pressures were 
calculated for E and Z nerolidol since their normal boiling temperatures at po = 101325 
Pa have not been reported. For Z nerolidol, a boiling temperature of TB = 412 K is 
reported at p = 533 Pa 26, and for E nerolidol, p = 53.3 Pa at TB = 386 K 27. The predicted 
boiling temperatures for Z and E nerolidol at these pressures are T = 402.5 K and 368.8 
K, respectively. 
Interesting results were obtained for the boiling temperature of 1-adamantanol, where the 
reported fusion temperature, Tfus = 552.9 K is greater than both the predicted normal 
boiling temperature by ~30 K in this work and by 60 K in literature prediction 28. If either 
of these predicted values are correct, 1-adamantanol will sublime at 1atmosphere instead 
of melting, much like solid carbon dioxide (dry ice). Since boiling points are valuable in 
checking the quality of the vapor pressures evaluated by CGC and the standards chosen 
for the experiment, it is unfortunate that experimental data is not available for 1- 
adamantanol’s boiling temperature. It is also unfortunate that the publication reporting 
experimental fusion enthalpy and temperature does not specify their experimental details 
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in regard to their measurements 29, although vapor pressures of the solid phase 
adamantanol at varying temperatures including T = 298.15 K are reported 30. 
The vaporization enthalpies and the constants of the equations evaluated to describe the 
temperature dependence of (+)-cedrol, Z- and E-nerolidol, and 1-adamantanol are 
summarized in Table 2.8. Similar values for vaporization enthalpy of 1-adamantanol by 
correlation and calculation using its sublimation, fusion, and transition enthalpies were 
obtained as well as comparison of the vapor pressure and fusion temperature. This 
suggests that adamantanol’s normal boiling temperature is a feign property due to the 
inability to measure it directly at 1 atmosphere of pressure. Because a calculated normal 
boiling temperature cannot be used to qualify the vapor pressure correlations for this 
compound, they should be regarded as approximate, although the vapor pressure of 
crystalline adamantanol was estimated within the error formerly observed for comparable 
substances using a calculated normal boiling temperature, vapor pressure calculations, 
and its vaporization enthalpy. 
 
 
 
 
 
 
Table 2.8 A summary of results 
 
 
 
 
Runs 1 & 2 
 
 
A 
 
 
B 
 
 
C 
 
 
TB/K 
pl/Pa 
298 K 
g 
l Hm(298 K) 
 
Calc/Est 
1-Adamantanol 6.368 -881.515 -1270553 521.2 (1.90.04) 74.82.9/75.93.8 
Runs 3 & 4       
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Z-Nerolidol 7.464 -1354.501 -1514999 550.3 (0.0750.02) 91.41.6/99.45.0 
 
E-Nerolidol 
 
7.445 
 
-1353.729 
 
-1540142 
 
554.7 (0.0550.01) 92.71.6/99.45.0 
 
(+)-Cedrol 
 
5.719 
 
-622.282 
 
-1584233 
 
583.5 (0.070.01) 88.31.5/92.64.6 
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Chapter 3 
Diamonoids 
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3.1 Introduction 
 
The vaporization enthalpies and vapor pressures of a series of polycyclic hydrocarbons 
including adamantane, diamantane, and both  and -cedrene were analyzed in this work 
utilizing two separate sets of standards by correlation gas chromatography (CGC). 
Polycylic and cyclic hydrocarbons were used in one set of experiments and several n- 
alkanes were used in another series. The experimental design here not only provides a 
robust measurement of thermodynamic properties, but also tests the efficacy of using n- 
alkanes to evaluate branched polycyclic sesquiterpenes. The mixture of branched 
polycyclic and cyclic hydrocarbons used as standards in this work will be referred to as 
oligocyclic standards for brevity in the following text. Structures of these oligocyclic 
standards and target molecules are shown in Figure 3.1. 
 
Adamantane, diamantine (a polymantane analogue), and the derivatives of these are 
important compounds in the use of nanotechnology, medicine, and drug delivery 1. 
Diamantane is frequently found in deposits of natural gas pipelines from reservoirs that 
are hot, as well as smaller amounts of adamantane. Both of these molecules display high 
stability and limited solubility which contributes to clogging of the pipelines making 
them important candidates for the research of their physical properties 2. Sesquiterpenes 
are volatile frequently cyclic or polycyclic C15 organic compounds from plants that can 
be photochemically converted in the summer months to produce smog 3. Little data has 
been collected on sesquiterpenes in contrast to terpenes (cyclic C10) which have been 
extensively studied, most likely due to the fact that most sesquiterpenes are found in 
mixtures that are difficult to purify, making CGC well suited as an analytical technique 
for their thermal analysis. Although sesquiterpenes are significantly less volatile than 
terpenes, the aerosol product yields are correlated positively with the molecular mass of 
these biogenic molecules 3. Previous CGC experiments have used n-alkanes as standards 
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for the study of hydrocarbons to determine their vaporization enthalpies 4. Their use as 
standards in this capacity has been shown to be practical and the results are generally 
found to be independent of target hydrocarbon structure. The examination of their use as 
standards for measuring complex polycyclic compounds such as diamonoids and 
sesquiterpenes has not yet been reported. The similarity in structure of adamantanes and 
sesquiterpenes makes the adamantanes well suited as vaporization enthalpy standards and 
perhaps better suited for vapor pressure standards in measuring polycyclic systems. 
Adamantane and diamantane are solids at ambient temperatures which has also prevented 
the study of their vaporization enthalpy and liquid vapor pressures, although liquid vapor 
pressure data is available for adamantane and diamantane at elevated temperatures 1,2. 
The polycyclic standards 1,3-dimethyladamantane and 1,4-di-t-butylbenzene have known 
experimental vaporization enthalpies and vapor pressures. . n-Alkanes were used here as 
standards to compare the their efficiency in reproducing the literature values of these two 
polycyclic compounds. 
 
Both n-alkanes (decane and dodecane through pentadecane) and a combination 
oligocyclic standards ((+)--pinene, camphene, 1,3-dimethyladamantane, and 1,4-di-t- 
butylbenzene) were used to evaluate the thermodynamic properties of adamantane and 
diamantane as a function of temperature. A comparison of these results is discussed in 3.3 
and 3.4. The results of sub-cooled liquid vapor pressures and vaporization enthalpies of 
the diamonoids were then used in conjunction with the literature data for 1,3- 
dimethyladamantane and 1,4-di-t-butylbenzene to measure these properties for - and - 
cedrene. In order to check the quality of these results, comparisons of the predicted and 
experimental normal boiling temperatures were done for the cedrenes, 1,3- 
dimethyladamantane and 1,4-di-t-butylbenzene where po = 101.325 kPa. 
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Figure 3.1. Top to bottom, left to right: camphene, (+) -pinene, (-)-pinene, 
adamantane, 1,4-di-t-butylbenzene, 1,3-dimethyladamantane, diamantane, -cedrene 
(major) and -cedrene (minor isomer). 
 
 
 
 
 
 
 
 
 
 
3.2 Experimental 
 
 
3.2.1 Compounds: Identity and Purity Controls 
 
 
 
Most compounds were obtained from commercial sources with the exception of (+)- 
cedrol which was our source of - and -cedrene. Cedrol was gifted to our lab by 
Professor R.E.K. Winter; mp 85-87 °C, lit. (86-87 °C [5]); []D 22.8°C = +9.6±0.02° (c = 5 
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g/100 mL CHCl3), natural cedrol ([]D 28°C = +9.9±0.4° (c = 5.0 g/100 mL) 5. The identity 
of cedrol was also established by comparison of its infrared spectrum to that which is 
reported in the NIST webbook 6, and by GC-MS, as well as comparison of physical 
properties previously reported 7. (+)-Cedrol was used as a starting material for the 
synthesis of - and -cedrene as reported by Breitholle and Fallis 8 and detailed by our 
lab in earlier experiments 7. GC-MS experiments showed molecular ions at m/z = 204 for 
both - and -cedrene with similar fragmentation patterns. Their spectra was consistent 
with that catalogued in the NIST/EPA/NIH MS library and were identified by the 
program as - and -cedrene, with other possibilities being -copaene and -amorphene. 
The latter compounds were disregarded on the basis of their relative retention indices on 
an HP-1 capillary column (Appendix II, AII-8, footnote a). Direct injection of (+)-cedrol 
into the gas chromatograph produces thermal dehydration products of - and -cedrene 
which were used in the analysis of this work and compared to the cedrenes synthesized 
independently 7. The cedrene retention times differed significantly from those of cedrol 
both exhibiting sharp peaks suggesting that the reaction was indeed occurring in the 
injection port, with no additional products were observed (See Appendix I, Figure AI-1). 
 
 
 
 
 
3.2.2 Methods 
 
GC-MS experiments were run on a Hewlett Packard System Model 5698A operating in 
electron ionization (EI) mode at 50eV. An HP-1 capillary column of 12m (12m x 
0.25mm; 0.5 μm film thickness) was used as well as He as the carrier gas. This system 
was equipped with NIST/EPA/NIH MS library software which was used for spectra 
comparisons. 
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The GC instruments used for correlations in this work were run isothermally utilizing 
three HP 5890 gas chromatographs using He as the carrier gas and Chemstation software. 
Three different capillary columns were used in this work including a 30m DB-5, a 12m 
HP-1, and a 15m SPB-5 column, where each column optimized retention times and 
comparisons could be made for the use of differing stationary phases. Retention times for 
all runs as well as the corresponding correlations are located in Appendix II (AII-1 
through AII-10). Each experiment was conducted twice over a temperature range of 30 K 
at 5 K intervals using methylene chloride as a solvent which was not retained on the 
column at the experimental temperatures used. The solvent’s retention time was used to 
measure the time required to traverse the column. 
 
 
All uncertainties noted refer to one standard deviation defined by the Guide to the 
Expression of Uncertainty in Measurement 8. Linear regression was used to evaluate the 
slopes and intercepts of the correlations with uncertainties reported in Appendix II. 
Vaporization enthalpies (∆Hv) and combined results were appraised as the square root of 
the sum of squares for each uncertainty. For vapor pressures, uncertainties calculated 
from the logarithmic terms are reported as averaged values. Boiling temperatures were 
assessed by solving equation (E-3.1) when ln(p/po) = 0. Boiling temperature uncertainties 
were calculated using the uncertainty in ln(p/po) for each temperature (ln(pu/po)). In 
combination with ln(p/po), values of ln((p+pu)/po) at each temperature were fit to a second 
order polynomial (E-3.1) and solved for temperature at ln((p+pu)/po) = 0. The 
uncertainties associated with boiling temperatures are the difference between 
temperatures evaluated from the two solutions. Uncertainties are representative of one 
standard deviation unless otherwise noted. 
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Standards used in this work have ∆Hv values reported in Table 3.1. Values for both (+)- 
and (-)-- pinene 9-11 were reported previously and the most recent robust study of 
vaporization enthalpy of pinene was done so using (-)-α-pinene 11, while the most 
comprising vapor pressure research has been done on (+)-α-pinene 12. Optical purity of 
the enantiomers was measured and since they varied slightly, both retention times were 
evaluated as a function of temperature where they were found to be equivalent to each 
other (±0.06s relative to the internal standard, adamantane) within the uncertainty of the 
experiment. Correlations utilizing these compounds are described below. Vaporization 
enthalpy of (-)--pinene was also used as the standard value for (+)-α-pinene where the 
other ∆Hv standards used include camphene 13,14, 1,3-dimethyladamantane 15, and 1,4-di-t- 
butylbenzene 16. The structure of 1,4-di-t-butylbenzene, although only modestly 
comparable in structure, was used due to the deficit of available thermodynamic data for 
other polycyclic standards with similar volatility. 
Measurements were also performed using n-alkanes for comparison including decane, 
dodecane, tridecane, tetradecane, and pentadecane 17. 
 
Vapor pressure standards are the same as those used for vaporization enthalpy. Values for the 
vapor pressure of camphene were measured by Wang et al. 18. Vapor pressures of (+)-α- 
pinene were measured over a temperature range of T = (292.6 – 428.9) K, p = (0.41 to 
100.79) kPa by Hawkins and Armstrong 12 and although the data is somewhat dated, the work 
agreed to that of Steifa et al.11 to ~4% at the limited temperatures measured by the former 
authors. The vapor pressure data for camphene and (+)-α-pinene are provided in Appendix II 
(AII-11 & 12), and fit to (E-3.1) where the constants of which are reported in Table 2A 
below. For 1,3-dimethyladamantane 15 and 1,4-di-t-butylbenzene 16, vapor pressures as a 
function of temperature were calculated using the Wagner equation (E-3.2); the Cox equation 
(E-3.3) was used for the n-alkanes 17. Vapor pressures for liquid adamantane and diamantane 
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are not available below their fusion temperatures, but they are attainable at elevated 
temperatures in the form of equation (E-3.4) in the range of T/K > 543 for adamantane and 
T/K = (516 – 716) for diamantane 1,2. Constants from equations (E-3.1 thru E-3.4) for the 
standards are shown in Tables 3.2A-3.2D. 
 
 
ln(p/po) = As + Bs(K/T) + Cs(K/T)2 (E-3.1) 
 
 
ln(p/pc) = [1/Tr][AW(1 - Tr) + BW(1 - Tr)1.5 + 
CW(1 - Tr)2.5  + DW(1 - Tr)5], where Tr = T/Tc (E-3.2) 
 
 
ln(p/po) =  [1- To/T]exp[ACo + AC1T/K+ AC2(T/K)2] (E-3.3) 
 
 
ln(p/kPa) = A - B/(T/K) (E-3.4) 
 
 
Equation (E-3.6) provides a simple estimation for the vaporization enthalpy of 
hydrocarbons within 5% generally, where the terms nC and nQ define the number of 
carbon atoms in the molecule and the number of sp3 quaternary hybridized carbons 
respectively. The correction term, C, is a term that does not apply to any of the targets 
measured in this work 19 
 
lgHm(298.15)/kJmol-1= 4.69(nC -nQ) +1.3nQ + b + 3.0 + C (E-3.5) 
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3.3 Results 
 
 
3.3.1 Vaporization Enthalpies 
 
 
Two separate series of standards were used to evaluate adamantane and diamantane including 
n-alkanes and oligocyclic hydrocarbons in independent correlations conducted in duplicates. 
Table 3.3 reports the correlations utilizing n-alkanes as standards where run 1A evaluates the 
vaporization enthalpies of 1,4-di-t-butylbenzene, 1,3-dimethyladamantane, adamantane,and 
diamantane. Run 1B still evaluates adamantane and diamantane with alkane standards yet 
1,4-di-t-butylbenzene, and 1,3-dimethyladamantane are used as standards with their known 
values. Table 3.4 reports the correlation results using oligocyclic standards where runs 3-5 
account for all enantiomers differing in optical purity and chirality. Each correlation 
possesses an equation (E-3.8 to E-3.11) beneath the table of the corresponding correlation 
with coefficients that describe the quality of each correlation. Results are discussed in 3.4. 
Vaporization enthalpies were also measured for  and -cedrene for both the samples 
produced thermally by GC injection (runs 7 & 8) and for those prepared by reaction with 
thionyl chloride in pyridine (runs 9 & 10) by correlation with both n-alkanes and oligocyclic 
compounds. Runs 7 and 9 have results reported in Table 3.5 with their corresponding 
equations (E-3.12 & E-3.13); a summary of all vaporization enthalpies examined using both 
sets of standards are shown in Table 3.6. Results of these measurements are also discussed in 
3.4. 
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Table 3.1. Vaporization Enthalpy of the standards 
 
 g l Hm(298 K) 
kJ.mol-1 
 
Ref 
g 
l Hm(298 K) 
kJ.mol-1 
 
Ref 
g a 
l Hm(298) 
kJ.mol-1 
(+)--Pinene 45.4 [9] 43.4 (308) [10] 44.60.1 
(-)--Pinene 44.60.1 [11]   44.60.1 
Camphene 44.90.3 [13] 44.65 [14] 44.780.3b 
Decane 51.420.26 [17]   51.420.26 
1,3-Dimethyladamantane 49.370.33 [15]   49.370.33 
Dodecane 61.520.31 [17]   61.520.31 
Tridecane 66.680.3 [17]   66.680.3 
1,4-Di-t-butylbenzene 62.980.14 [16]   62.980.14 
Tetradecane 71.730.36 [17]   71.730.36 
Pentadecane 76.770.38 [17]   76.770.38 
a Values used 
b Average of both values. 
 
 
 
 
  Table 3.2 Constants of the equations used as vapor pressure standards  
3.2A Parameters of Eq. (E-3.1) 
 
As Bs Cs 
(+)-Pinene a 8.305 - 2550.72 - 436382.28 
Camphene b 7.557 - 2114.29 - 512264.73 
 
 
3.2B Parameters of the Wagner Eq. (E-3.2); po =101325Pa 
 
-8.1734 
3.28872 
-3.4732 
-2.486 
708 
3000 
 
 
 
Dodecane Tridecane Tetradecane Pentadecane 
  Decane  
 1,3-Dimethyladamantanec 1,4-Di-t-butylbenzene
d
 
AW 
-9.2795 
BW 
3.87697 
CW 
-5.5302 
DW 
-3.3734 
Tc /K 
708 
pc/kPa 
2300 
  
3.2C Parameters of the Cox Eq. (E-3.3)e 
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l
To 447.269 489.438 508.602 526.691 543.797 
ACo 2.9669 3.05854 3.10403 3.13624 3.16774 
AC1 -0.001932579 -0.002018454 -0.002071819 -0.002063853 -0.002062348 
AC2 1.644626E-06 1.606849E-06 1.611600 E-06 1.541507E-06 1.487263E-06 
      
3.2D Parameters of Eq. (E-3.4): ln(p/kPa) = A - B/(T/K)f  
   B Trange/K 
  A   
  4670 > 543 
Adamantane (liq) 14.75   
  6570 483-543 
Adamantane (sol) 18.18   
  5680 516-716 
Diamantane (liq) 14.858   
  7330 498-516 
Diamantane (sol) 18.333   
 
a  Reference [12]. 
b  Reference [18]. 
c  Reference [15]. 
d  Reference [16]. 
e  Reference [17]. 
f References [1, 2]. 
 
 
 
Table 3.3. Correlation of Htrn(Tm) with  gHm(298 K) of the standards; uncertainties 
represent one standard deviation; po = 101325 Pa 
Run 1A - slope
T/K 
intercept Htrn(428 K) 
kJmol-1 
 gH (298 K) 
l m 
kJmol-1 (lit) 
 gH (298 K) 
l m 
kJmol-1 (calc)/(lit) 
Decane 4640.5 12.014 38.580 51.420.26  51.5±0.5 
Adamantane 4457.2 10.963 37.056   49.5±0.5 
1,3-Dimethyladamantane 4616.4 11.180 38.380 51.2±0.5/49.37±0.33 
Dodecane 5542.1 13.138 46.075 61.520.31  61.5±0.6 
1,4-Di-t-butylbenzene 5705.9 13.031 47.436 62.9±2.8/62.98±0.1 
Tetradecane 6464.1 14.348 53.740 71.730.36  71.6±3.0 
Diamantane 5863.6 12.367 48.747   65.0±0.6 
Pentadecane 6938.1 14.992 57.681 76.770.2  76.9±0.6 
g -1 2 
l Hm(298.15 K)/kJmol = (1.3290.008)Htrn(393 K) - (0. 200.41) r =0.9999 
  
(E-3.6) 
Run 1B - slope 
T/K 
intercept Htrn(428 K) 
kJmol-1 
 gH (298 K) 
l m 
kJmol-1 (lit) 
 gH (298 K) 
l m 
kJmol-1 (calc) 
Decane 4640.5 12.014 38.580 51.420.26 50.8±2.6 
Adamantane 4457.2 10.963 37.056   48.7±2.5 
48  
l
1,3- 
Dimethyladamantane 
   49.37±0.33  
4616.4 11.180 38.380  50.5±2.6 
Dodecane 5542.1 13.138 46.075 61.520.31 61.1±2.8 
1,4-Di-t-butylbenzene 5705.9 13.031 47.436 62.98±0.1 62.9±2.8 
Tetradecane 6464.1 14.348 53.740 71.730.36 71.6±3.0 
Diamantane 5863.6 12.367 48.747  64.8±2.9 
Pentadecane 6938.1 14.992 57.681 76.770.38 77.0±3.1 
 
g -1 
l Hm(298.15 K)/kJmol = (1.380.04)Htrn(393 K) - (2.321.99) 
 
r2 = 
 0.9972 
 
(E-3.7) 
 
 
 
 
 
Table 3.4. Correlation of Htrn(Tm) with  gHm(298 K) using oligocyclic standards; 
uncertainties represent one standard deviation; po = 101325 Pa 
Run 3 - slope 
T/K 
intercept Htrn(393 K) 
kJmol-1 
 gH (298 K 
l m 
kJmol-1 (lit) 
 gH (298 K) 
l m 
kJmol-1 (calc) 
-(+)-Pinene 4252.5 10.384 35.35 44.60.2 44.53.3 
Camphene 4236.4 10.212 35.22 44.780.3 44.33.3 
Adamantane 4540.4 10.086 37.75  48.03.4 
1,3-Dimethyladamantane 4710.9 10.345 39.16 49.370.33 50.13.5 
1,4-Di-t-butylbenzene 5748.8 12.029 47.79 62.980.14 62.73.9 
Diamantane 5979.7 11.400 49.71  65.64.0 
g -1 2 
l Hm(298.15 K)/kJmol = (1.460.062)Htrn(393 K) - (7.232.47) r = 0.9964 (E-3.8) 
Run 5 - slope 
T/K 
intercept Htrn(420 K) 
kJmol-1 
 gH (298 K) 
l m 
kJmol-1 (lit) 
 gH (298 K) 
l m 
kJmol-1 (calc) 
 4136.4 10.12 34.39   
-(-)-Pinene    44.60.2 44.44.5 
 4129.9 9.970 34.33   
Camphene    44.780.3 44.34.5 
 4493.3 10.26 37.36   
Adamantane     48.54.7 
 4670.9 11.98 38.83   
1,3-Dimethyladamantane    49.370.33 50.54.8 
 5721.3 11.98 47.56   
1,4-Di-t-butylbenzene    62.980.14 62.65.3 
 5946.9 11.34 49.44   
Diamantane     65.25.5 
 
lgHm(298.15 K)/kJmol-1 = (1.3850.087)Htrn(420 K) - (3.263.4) r2 = 0.9922 (E-3.9) 
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Table 3.5. Correlation of Htrn(Tm) with  gHm(298 K) of the standards for runs 6 and 8; 
uncertainties represent one standard deviation; po = 101325 Pa 
 
l m 
 
 
Dodecane 
Tridecane 
Tetradecane 
-Cedrene 
-Cedrene 
  Pentadecane  
 
 gH  (298.15 K)/kJmol-1 = (1.4140.013)H   (428 K) + (0. 3110.44)  r2 = 0.9999 (E-3.10) 
 
 
Run  9 - slope intercept Htrn(405 K)  gH m(298 K)  gH (298 K) 
 
 
Adamantane 
 
 
1,4-Di-t-butylbenzene 
-Cedrenea 
-Cedrenea 
Diamantane  
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.450.048)Htrn(405 K) - (5.542.1) r2 = 0.9978 (E-3.11) 
 
 
 
 
 
 
Table 3.6. A summary of the vaporization enthalpies of adamantane, diamantane and - 
and -Cedrene at T = 298.15 K; po = 101325 Pa 
 
A Linear Alkanes Oligocyclic Hydrocarbons  
gHm(298 K) l 
kJmol-1 
 Run 1B Run 2B Run 3 Run 4 Run 5 Run 6 Average
a Estimate 
Adamantane a 48.72.5 48.62.2 48.03.4 48.44.7 48.54.7 48.65.2 48.50.5 49.92.5 
Diamantane a 64.82.9 64.72.6 65.64.0 65.25.5 65.25.5 65.16.1 65.10.6 68.73.4 
   
Run  7 - slope 
T/K 
intercept Htrn(428 K) 
kJmol-1 
gH (298 K)  gH  (298 K)   l m 
kJmol-1 (lit) kJmol-1(calc) 
5211.1 12.318 43.32 61.520.3 61.60.9 
5639.1 12.840 46.88 66.680.3 66.60.9 
6072.7 13.380 50.49 71.730.4 71.70.9 
5522.7 11.934 45.91 65.20.9 
5509.3 11.869 45.80 65.10.9 
6506.9 13.927 54.10 76.770.4 76.81.0 
T/K  kJmol-1 kJmol-1 (lit) kJmol-1(calc) 
4438.7 10.910 36.90 48.50.5 48.02.7 
4594.4 1,3-Dimethyladamantane 11.141 38.20 49.370.33 49.92.8 
5678.3 12.912 47.21 62.980.14 63.03.1 
5791.5 12.555 48.15  64.33.1 
5789.6 12.509 48.13  64.33.1 
5848.6 12.225 48.62 65.10.6 65.03.1 
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a The uncertainty represent two standard deviations of the mean. 
 
 
 
 
 
 
3.3.2 Vapor Pressures 
 
 
In previous work, it has been shown that it is conceivable to evaluate the sub-cooled 
liquid or liquid vapor pressures of unknown substances provided that quality liquid vapor 
pressures are known for the standards used in the experiment and that said standards 
represent similar structure in functionality 20,21. This work employs n-alkanes as standards 
due to their availability, reliable vapor pressure measurements spanning a significant 
range of temperatures, and suitability for the evaluation of hydrocarbons. As for the 
appropriateness of using n-alkanes as standards for branched cyclic hydrocarbons, they 
were tested as follows: The liquid vapor pressures of 1,3-dimethyladamantane and 1,4-di- 
t-butylbenzene which have experimentally measured values, were compared to those 
resulting from correlations by a series of n-alkanes. The values of to/ta were determined 
from the slopes and intercepts related to runs 1 & 2 (Appendix II AII-1 & 2), and the 
average was used for each compound. See 1.1 for details on how the correlations were 
conducted. Results at T = 298.15 K are reported in Table 3.7 with characterization by 
equation (E-3.12). Extrapolation of vapor pressure values were conducted at 10 K 
increments from T = 310 to 440 K, where 440 K was chosen as the upper limit for 
comparison of results using oligcyclic standards for the reason discussed below. The 
correlation coefficients affiliated with each correlation ranged from 0.9999 > r2 > 0.9990 
and the temperature dependence of ln(p/po) for the targets were fit to (E-3.1). The 
B Run 7 Run 8 Run 9 Run 10 Average Estimate 
-Cedrene 65.20.9 65.20.9 64.33.4 64.33.7 64.81.2 64.03.2 
-Cedrene 65.10.9 65.10.9 64.33.4 64.33.7 64.71.0 64.03.2 
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constants for (E-3.1) for adamantane, diamantane, 1,3-dimethyladamantane and 1,4-di-t- 
butylbenzene using n-alkane standards are presented in Table 3.9A for combined runs 1 
& 2. 
The second series of vapor pressure experiments were conducted using oligocyclic 
hydrocarbon standards where their structures more closely represent adamantane and 
diamantane. These measurements spanned the range of T = (298.15 to 440) K and utilized 
(+) and (-)--pinene, camphene, 1,3-dimethyladamantane and 1,4-di-t-butylbenzene as 
standards. Slopes and intercepts from runs 3-6 produced values of to/ta that were averaged 
and correlated as ln(to/ta)avg with values of ln(p/po) of the standards. Results are reported 
in Table 3.8 at T = 298.15 K with equation (E-3.13) characterizing the results. 
Correlations were conducted at 10 K intervals from T = (310-440) K as well with r2 
values varying between 0.9958-0.9918; the value of r2 decreased below 0.99 above T = 
440 K. Equation (E-3.1) was applied to the temperature dependence of ln(p/po) of the 
targets and reported in Table 3.9B. 
As mentioned earlier, adamantane and diamantane have values of liquid vapor pressures 
at elevated temperatures in the literature and shown here in Table 3.2D. Calculated vapor 
pressures in the form of ln(p/po) were evaluated at four temperatures at 10 K increments; 
for adamantane the temperature ranged from T = (545 to 575) and for diamantane T = 
(516 to 546) K. Experimental vapor pressures at these temperatures were combined with 
the respective values calculated by correlation from T = (298.15 to 440) K from runs 3-6 
and fit to (E-3.1). The resulting constants from this equation for the combined values are 
shown in Table 3.9C. 
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Table 3.7 Correlation of ln(p/po) versus ln(to/ta)avg at T = 298.15 K from runs 1 and 2 
using n-alkanes as standards; po = 101325 Pa 
 
ln(to/ta)avg  ln(p/po)exp ln(p/po) pl/Paa p/Pa (lit)a 
Runs 1 and 2 averaged 
 
Decane -3.540 -6.317 -6.293±0.076 19014 180b 
-3.975 -6.828±0.078 1109 240 c 
Adamantane 
 
1,3-Dimethyladamantane 
Dodecane 
1,4-Di-t-butylbenzene 
Tetradecane 
Diamantane 
-4.289 -7.213±0.080 756 100d 
-5.483 -8.634 -8.679±0.083 172 18b 
-6.083 -9.416±0.092 8.20.8 8.0e 
-7.308 -10.94 -10.92±0.101 1.80.2 1.8b 
-7.277 -10.88±0.101 1.90.2 
-8.246 -12.08 -12.07±0.109 0.580.06 0.58b 
Pentadecane  
 
 
ln(p/po) = (1.2280.01)ln(to/ta) - (1.9480.067) r2 = 0.9999 (E-3.12) 
 
a Reported to 2 significant figures. 
b Reference [17]. 
c Estimated, reference [22]. 
d  Reference [15]. 
e  Reference [16]. 
 
 
 
 
Table 3.8. Evaluation of sub-cooled liquid vapor pressures of adamantane and 
diamantane by correlation of ln(p/po) versus ln(to/ta)avg at T = 298.15 K from runs 3 - 6; po 
= 101325 Pa 
Runs 3-6 averaged 
 
 
Adamantane 
1,3-Dimethyladamantane 
1,4-Di-t-butylbenzene 
Diamantane 
ln(to/ta)avg ln(p/po)exp ln(p/po) pl/Paa p/Pa (lit)a 
- Pinene -3.689 -5.159 -5.09±0.43 630270 600b 
Camphene -3.921 -5.297 -5.25±0.43 530240 500c 
-5.108  -6.72±0.48 12061 240d 
-5.425 -6.894 -7.12±0.50 8243 100e 
-7.224 -9.448 -9.34±0.59 8.95.5 8.0f 
-8.622  -11.08±0.66 1.61.1  
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ln(p/po) = (1.2390.066)ln(to/ta) - (0.3920.35) r2 = 0.9944 (E-3.13) 
a Reported to 2 significant figures. 
b (+) -Pinene was used as a standard in runs 3 and 4 and (-) -pinene was used in runs 5 
and 6; reference [11]. 
c Reference [13]. 
d Estimated, reference [22]. 
e  Reference [15]. 
f Reference [16]. 
 
 
 
 
Table 3.9. Constants of Eq. (E-3.1) evaluated for the targets of runs 1-6; po = 101325 Pa 
 
A. Standards: n-alkane; evaluated from T = (298.15 to 440) K 
Runs 1 and 2 averaged As Bs Cs (BPcalc/BPlit)/K 
Adamantane  7.010±0.073 -2197.87±53 -575350±9444 483.3±0.6/461.4a,d 
1,3-Dimethyladamantane 7.075±0.076 -2254.7±55.1 -598727±9860 490.9±3.0/476.4b 
1,4-Di-t-butylbenzene  8.376±0.071 -2918.0±51.5 -712086.6±9218 513.8±1.0/510.4c 
Diamantane  6.480±0.14 -2348.80±99 -843921.7±17745 585±2.9/554.7a,e 
 
B Standards: oligocyclics; evaluated from T = (298.15 to 440) K 
Runs 3-6 averaged  As Bs Cs (BPcalc/BPlit)/K 
Adamantane  7.829±0.024 -2733.2±17 -478751±3064 477.2±1.4/461.4a,d 
1,3-Dimethyladamantane 8.110±0.026 -2904.1±19 -487691±3415 481.3±1.3/476.4b 
1,4-Di-t-butylbenzene  9.890±0.041 -3929.7±29 -538672±5291 505.1±2.3/510.4c 
Diamantane  8.963±0.067 -4063.7±48 -570259±8672 565.8±8.4/554.7a,e 
 
C Standards: oligocyclics; evaluated from T = (298.15 to 440 and at Trange; 10 K intervals) K: 
Trange/Kd As Bs Cs (BPcalc/BPlit)/K 
Runs 3-6 averaged      
Adamantane 545-575 10.637±0.220 -4735.9±181 -126390±36192 470.5±5.3/461.4a,d 
Diamantane 516-546 11.243±0.267 -5682.1±214 -286764±41846 551.6±0.5/554.7a,e 
a Extrapolation using Eq. (E-3.4) and the constants in Table 3.2C, references [1, 2]. 
b Reference [15]. 
c Reference [16]. 
d Estimated value: (460.3±7) K [27]. 
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e Estimated value: (542.7±7) K [27]. 
 
 
 
The cedrenes were also measured in two separate sets of experiments using both n- 
alkanes (runs 7 & 8) and oligocyclics (runs 9 & 10) using the slopes and intercepts 
produced from plots of ln(p/po) versus ln(to/ta). The vapor pressures of - and -cedrene 
were also calculated in the temperature range of T = (298.15 to 440) K using differing 
values for adamantane and diamantane as standards. In one set of correlations, diamonoid 
values used were derived from the constants of (E-3.1) evaluated in Table 3.9B and 
results are reported in Table 3.10B. The other set used the combined values calculated 
from correlated and experimental values from the constants in Table 3.9C where results 
are reported in Table 3.10C. Characterization of these results are found in equations (E- 
3.15 & E-3.16) respectively. 
 
 
 
All other vapor pressures for standards were calculated using the equations and constants 
reported in Tables 3.2A-3.2C. Correlations performed using n-alkanes have results at T = 
298.15 K summarized in Table 3.10A and characterized by (E-3.14). Constants for - 
and -cedrene are found in Table 3.11A for results from n-alkane experiments, and in 
Table 3.11B & 3.11C for results from oligocyclic experiments using correlated values for 
the diamonoids and both correlated and experimental data for these standards 
respectively. 
55  
Table 3.10 A Evaluation of the liquid vapor pressure of - and -cedrene by correlation 
of ln(p/po) versus ln(to/ta)avg at T = 298.15 K from runs 7 - 8 using n-alkanes; po = 101325 
Pa 
Runs 7 and 8 averaged ln(to/ta)avg ln(p/p
o)exp ln(p/po) pl/Pa pl/Pa (lit)a 
Dodecane -5.141 -8.634 -8.64±0.017 18±0.3 18 
Tridecane -6.052 -9.789 -9.78±0.018 5.7±0.1 5.7 
Tetradecane -6.965 -10.936 -10.93±0.019 1.8±0.04 1.8 
Cedrene -6.567  -10.46±0.019 2.9±0.05 7.3b 
cedrene -6.59  -10.43±0.019 3.0±0.06 6.1b 
Pentadecane -7.875 -12.078 -12.08±0.021 0.57±0.01 0.57 
ln(p/po) = (1.260.002)ln(to/ta) - (2.160.0.013) r2 = 0.9999 (E-3.14) 
B Liquid vapor pressure of - and -cedrene by correlation at T = 298.15 K from runs 9 - 
10 using Eq. (E-3.1) and constant for adamantane and diamantane from Table 9B; po = 
101325 Pa 
Runs 9 and 10 averaged ln(to/ta)avg ln(p/p
o)exp ln(p/po) pl/Pa pl/Pa (lit) 
Adamantane -3.987 -6.724 -6.63±0.26 130±23 240 b 
1,3-Dimethyladamantane -4.276 -6.894 -7.00±0.26 92±25 100c 
1,4-Di-t-butylbenzene -6.14 -9.448 -9.43±0.31 8.1 ±2.6 8.0d 
Cedrene -6.895  -10.42±0.33 3.0±1.0 7.3b 
cedrene -6.894  -10.42±0.33 3.0±1.0 6.1b 
Diamantane -7.396 -11.08 -11.08 1.6±0.55  
ln(p/po) = (1.3060.037)ln(to/ta) - (1.420.0.21) r2 = 0.9984 (E-3.15) 
C Liquid vapor pressures of - and -cedrene by correlation at T = 298.15 K from runs 9 
- 10 using Eq. (E-3.1) and constant for adamantane and diamantane from Table 9C; po = 
101325 Pa 
Runs 9 and 10 averaged ln(to/ta)avg ln(p/p
o)exp ln(p/po) pl/Pa pl/Pa (lit) 
Adamantane -3.987 -6.669 -6.60±0.20 140±30 240b 
1,3-Dimethyladamantane -4.276 -6.894 -6.98±0.21 94±20 100c 
1,4-Di-t-butylbenzene -6.14 -9.447 -9.41±0.24 8.3±2.0 8.0d 
Cedrene -6.895  -10.40±0.26 3.1±0.8 7.3b 
cedrene -6.894  -10.40±0.26 3.1±0.8 6.1b 
Diamantane -7.396 -11.041 -11.05±0.27 1.6±0.44  
ln(p/po) = (1.3060.029)ln(to/ta) - (1.3960.016) r2 = 0.9990 (E-3.16) 
a From reference [17] unless noted otherwise. 
b Estimated, reference [22]. 
c Reference [15]. 
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d Reference [16]. 
 
 
 
 
Table 3.12 Constants of Eq. (E-3.1) evaluated for the targets from runs 7-10; po = 
101325 
 
 
A Constants of Eq. (E-3.1) evaluated using alkane standards and equations associated 
with Tables 3.2C and 3.9A from T = (298.15 to 440) K 
 
 
-Cedrene 
  -Cedrene  
 
B Constants of Eq. (E-3.1) evaluated using standards and equations associated with 
Tables 3.2A, 3.2B and 3.9B from T = (298.15 to 440) 
 
 
-Cedrene 
  -Cedrene  
 
C Constants of Eq. (E-3.1) evaluated using standards and equations associated with 
Tables 3.2A, 3.2B and 3.9C from T = (298.15 to 440) 
Runs 9 and 10 As Bs Cs (BPcalc/BPlit)/K 
-Cedrene 10.734±0.005 -4990.3±3.8 -390854±671 533.1±6.5/534.2a 
-Cedrene 10.224±0.078 -4590.7±56 -466308±10071 534.3±4.6/536.2a 
 
a Reference [25]. 
    
 
 
 
 
 
3.4 Discussion & Conclusions 
 
Table 3.7A & B summarize vaporization enthalpies of the targets for runs 1 through 10. 
Although the evaluations were conducted using two differing series of standards on three 
similar, but different columns, the results observed are in good agreements with each 
other. Retention times, correlation constants, and column identity for all runs can be 
Runs 7 and 8 As Bs Cs (BPcalc/BPlit)/K 
8.276±0.097 -3203.7±665 -708302±119021 544.3±0.8/534.2a 
7.540±0.099 -2752.6±71.5 -780232±12791 552.3±0.8/536.2a 
Runs 9 and 10 As Bs Cs (BPcalc/BPlit)/K 
9.303±0.012 
 
9.297±0.012 
-3976.7±8.4 
 
-3974.8±8.4 
-568081±1505 
 
-568069±1510 
540.4±1.6/534.2a 
 
540.5±1.6/536.2a 
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found in Appendix II. As stated previously, past work has shown that n-alkanes can be 
used as standards for evaluating the vaporization enthalpies of hydrocarbons relatively 
well and this proves to be the case for the oligocyclics measured in this work. Literature 
values for 1,3-dimethyladamantane and 1,4-di-t-butylbenzene of (49.370.33 and 
62.980.14) kJmol-1 compare to the calculated average values from runs 1 & 2 of 
(51.2±0.4 and 63.2±0.5) kJmol-1 respectively. These results are just outside one standard 
deviation for 1,3-dimethyladamantane with a 1.8 kJmol-1 difference, and within one 
standard deviation for 1,4-di-t-butylbenzene. An average value of vaporization enthalpy 
for both adamantane and diamantane from all six runs was used in the evaluation of - 
and -cedrene as standard values for runs 9 & 10. Comparing the uncertainties from 
using n-alkanes in runs 1, 2, 7, & 8 with those using oligocyclics in runs 3-6, it appears 
that using n-alkanes generally results in more linear correlations than those using more 
structurally diverse hydrocarbons. It can be hypothesized that this is true due to the lesser 
uncertainties associated with the vaporization enthalpies of n-alkanes and their structural 
homogeneity. In assessing the uncertainties calculated for the target molecules, the 
structural differences should be taken into account which presents a drawback for the use 
of n-alkanes as standards for structurally diverse targets. Optical purity and/or chirality as 
well as column coating have no significant effect on these experiments as shown by 
comparison of runs 3 & 4 to runs 5 & 6 and of those to the remaining runs. The estimated 
values from equation (E-3.5) for adamantane, diamantane and the cedrenes are reported 
in Table 6 and are within the uncertainty limits of the values measured in this work. 
Analysis results for the vapor pressures of 1,3-dimethyladamantane and 1,4-di-t- 
butylbenzene using n-alkane standards in runs 1 & 2 (Table 3.6) are illustrated 
graphically in Figure 3.2. The curve on top represents experimental vapor pressures for 
1,3-dimethyladamantane calculated with the Wagner equation from T = (298.15 to TB) K, 
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where TB is the boiling point at p = 101325 Pa. The line just below this represents the 
vapor pressures in the form of ln(p/po) appraised by correlation using n-alkanes (equation 
E-3.1), and the constants from Table 3.9A also from runs 1 & 2 for 1,3- 
dimethyladamantane over the temperature range of T = (298.15 to 440) K. These vapor 
pressures are somewhat under-predicted across the entire range of temperatures. Our 
calculated value of p = (75±6) Pa at T = 298.15 K compares to an experimental result of p 
= 100 Pa, and the vapor pressure p = (73.1±5.1) kPa is calculated at TB = 476.4 K (the 
normal boiling temperature) of 1,3-dimethyladamantane. The single point at the top 
shows the predicted boiling temperature calculated by using (E-3.1). The lower curve 
illustrates the results for 1,4-di-t-butylbenzene where the symbols and their uncertainties 
represent those obtained by correlation from T = (298.15 to 440) K and the line represents 
the experimental values calculated by using the Wagner equation. As shown, the results 
are in agreement with each other within the experimental uncertainty at all respective 
temperatures up to 440 K. The Wagner equation produces a boiling temperature 
calculation of 510.4 K compared to that predicted by (E-3.1) of TB = (513.81.0) K at p = 
101325 Pa. The vapor pressure determined by the Wagner equation at T = 298.15 K is 
valued at 8.0 Pa compared to that evaluated by correlation of p = (8.20.8) Pa (Table 
3.6). Results for vaporization enthalpy as well as vapor pressure are slightly better for 
1,4-di-t-butylbenzene using n-alkanes than they are for 1,3-dimethyladamantane. 
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Figure. 3.2. Top line: experimental vapor pressures for 1,3-dimethyladamantane 
reported as ln(p/po) from T = (298.15 to TB) K; middle ( and associated line): calculated 
values (and uncertainties) obtained by correlation from T = (298.15 to 440) K using n- 
alkane standards, and extrapolated to TB; bottom line: experimental vapor pressures for 
1,4-di-t-butylbenzene calculated from the Wagner equation; bottom symbols (): 
calculated values by correlation and associated uncertainties for 1,4-di-t-butylbenzene 
using n-alkane standards from T = (298.15 to 440) K,) and extrapolated to TB (normal 
boiling temperature). 
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A juxtaposition of the vapor pressures calculated for adamantane and diamantane is 
shown in Figures 3.3 & 3.4 for those evaluated using n-alkanes (runs 1 & 2) and using 
oligocyclic hydrocarbons (runs 3-6) respectively. For both figures, the solid symbols 
represent four experimental liquid vapor pressures at 10 K increments for adamantane 
(upper) and diamantane (lower) computed utilizing equations in Table 3.2D. The empty 
symbols represent vapor pressures calculated using (E-3.1) and the constants from Table 
3.9A & 3.9B for Figures 3.3 & 3.4 respectively over the same temperature range for both. 
The lines originate from extrapolation of (E-3.1) using the constants from the tables 
previously mentioned. The sets of constants used for (E-3.1) in Figs. 3.3 & 3.4 under- 
ln
(p
/p
o ) 
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predict the liquid vapor pressures for both adamantane and diamantane, though the fits 
are somewhat better in Fig. 3.4 which uses the oligocyclic compounds. 
 
 
 
 
Fig. 3.3. Calculated vapor pressures in the form ln(p/po) vs 1/T of adamantane (□) and 
diamantane () by correlation using a series of n-alkanes from T = (298.15 K to 440) K. 
Top line: a second order polynomial fit of vapor pressures extrapolated to T = 575 K 
calculated using the constants in table 3.9A; bottom line: second order polynomial fit of 
the vapor pressures extrapolated to T = 546 K; uncertainties are of the order of the size of 
the symbols. Symbols , ,: experimental vapor pressures calculated using Eq. 3.4 and 
the constants in Table 3.2D; po = 101325 Pa. 
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Fig. 3.4. Calculated vapor pressures in the form ln(p/po) vs 1/T of adamantane (□) and 
diamantane () by correlation using a series of oligocyclic hydrocarbons from T = 
(298.15 to 440) K. Lines: a second order polynomial fit of the vapor pressures evaluated 
by correlation from T = (298.15 to 440) K and extrapolated to T = 575 and 546 K for 
adamantane and diamantane, respectively, using the constants in Table 3.9B. Symbols , 
,: experimental vapor pressures calculated using Eq. 3.4 and the constants in Table 
3.2D; po = 101325 Pa. 
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Figure 3.5 represents the fit for both adamantane and diamantane derived from 
combining both the correlated data from (E-3.1), constants from Table 3.9B with the 
experimental liquid data from Table 3.2D at elevated temperatures as noted above. The 
results were fit to (E-3.1) where the constants produced are reported in Table 3.9C. The 
constants in Tables 3.9A-C (A: alkanes; B: correlated data only; C: correlated and 
experimental data) as well as the subcooled liquid vapor pressures evaluated by (E-3.1) 
for adamantane at T = 298.15 K ((pl = 110±9, 120±60 and 130±60) Pa, respectively) are 
ln
(p
/p
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within the experimental error of each other and can be compared to an estimated value of 
 
pl = 240 Pa 22. 
 
 
 
 
Fig. 3.5. Squares: calculated ln(p/po) values for adamantane from T = (298.15 to 440) K 
combined with four experimental values at 10 K increments from T = (545 to 575) K. 
Circles: calculated ln(p/po) values for diamantane from T = (298.15 to 440) K also 
combined with four values from T = (516 to 546) K at 10 K increments calculated using 
Eq. 3.4. The lines were calculated using Eq. (3.1) and the constants reported in Table 
3.9C. Both fits were characterized with correlation coefficients of r2 > 0.999. 
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The subcooled liquid vapor pressures for diamantane estimated by (E-3.1) and the 
constants in Tables 3.9A-C at T = 298.15 K are pl = (1.9±0.2, 1.6±1.1 and 1.6±1.1) Pa, 
respectively which are also within experimental error of each other. The uncertainties 
reported are from correlations at 298.15 K. Adamantane and diamantane as solids have 
ln
(p
/p
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been described as plastic crystals across a broad temperature range 23. Solid adamantane 
displays a vapor pressure of pcr = (30.4±1.5) Pa at T = 303.5 K 23 and solid diamantane 
exhibits an extrapolated value of pcr = 0.04 Pa at T = 298.15 K calculated using equation 
(E-3.17) 1. 
 
 
 
ln (pcr /kPa) = 190.735 -18981.3(K/T) -55.4418log( T/K);  Trange = 332 – 423 (E-3.17) 
 
 
 
 
Vapor pressures for solid adamantane is presented in the literature over a range of T = 
(254 to 543) K given by equation (E-3.18) which was derived from the combination of 
results from several studies 24. 
 
 
ln(pcr /kPa) = 50.9129 - 8494.5(K/T) - 4.6395ln(T/K) (E-3.18) 
 
 
At the triple point, Ttp = 543 K, a sublimation vapor pressure is estimated by equation (E- 
3.18) at ptp/kPa = 426. Vapor pressures for liquid adamantane attained by extrapolation of 
(E-3.4) using the constants from Table 3.2D estimate a value of ptp/kPa = 468. Both of 
these literature values compare to those obtained using (E-3.1) and constants from Tables 
3.9A-C as ptp/kPa = (280, 330 and 450) kPa in that order. It can be noted that the 
calculated results using constants from Table 3.9C lie between the two extrapolated 
values originating from previous experimental data. 
Vapor pressure equations are also available for liquid diamantane in the literature 1,2. A 
normal boiling temperature for liquid diamantane is estimated by extrapolation to be TB = 
554.7 K using constants from Table 3.2D. Estimations made with (E-3.1) utilizing the 
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constants supplied in Tables 3.9A-C predict boiling temperatures of TB = (585, 565.8 and 
551.6) K respective to the tables, where these predictions using oligocyclic standards 
with and without additional data appear to be consistent with the previous work. The 
same literature cited above provides a triple point temperature for diamantane of T = 516 
K with vapor pressure estimates of ptp/kPa = 47 (liquid) and 62 (solid) using the constants 
of (E-3.4) offered in Table 3.2D 1,18. For comparison, predictions of triple point vapor 
pressures using the constants of Tables 3.9A-C and (E-3.1) are ptp/kPa = 29, 35, and 43 
respectively. 
Although the vaporization enthalpies and liquid vapor pressures of - and -cedrene are 
unknown, their boiling temperatures are recorded in previous literature 25. Slopes and 
intercepts from combined runs 7 & 8 and combined runs 9 & 10 were used in a total of 
three series of correlations among ln(p/po) and ln(to/ta)avg utilizing equations for ln(p/po) 
originating from Tables 3.9A-C for adamantane and diamantane standards. The results of 
these correlations at T = 298.15 K are shown in Tables 3.10A with n-alkane standards, 
3.10B with oligocyclic hydrocarbon standards, and 3.10C with the combination of 
experimental and correlated data for standards. All additional vapor pressures used in the 
correlations were from previously published experimental data. 
Correlations for - and -cedrene were also performed from T = (310 to 440) K, their 
vapor pressures were fit to (E-3.1), and the constants of which are reported in Tables 
3.11A-C where the standards and data used varies the same as previous tables. Boiling 
temperatures were calculated at p = 101325 Pa using (E-3.1) for both - and -cedrene 
where TB = (544.3, and 552.3) K (using constants from Table 3.12A), TB = (540.1, and 
540.5) K (Table 3.12B), and TB = (533.1, and 534.3) K (Table 3.12C). The previously 
reported experimental boiling temperatures of - and -cedrene are TB = (534.2 and 
536.2) K respectively 25. 
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A summary of vaporization enthalpies and vapor pressure constants evaluated by (E-3.1) 
in this work are reported in Table 3.12. The results indicate that the structure of the 
hydrocarbon being measured is inconsequential pertaining to using n-alkanes as standards 
for the measurement of vaporization enthalpy. The results found here show that n-alkanes 
are as equally applicable as compounds bearing a more closely related structural 
resemblance to the targets. Conclusions with regard to vapor pressures are somewhat 
more attenuated. It can be said that n-alkanes replicate vapor pressures as a function of 
temperature of branched aromatic hydrocarbons considerably well as witnessed by the 
results of evaluating 1,4-di-t-butylbenzene, but as for hydrocarbons like 1,3- 
dimethyladamantane, the merit of the results lessens in relation to the magnitude of 
uncertainties affiliated. Vapor pressures evaluated for adamantane, diamantane, and - & 
-cedrene using n-alkanes at T = 298.15 K appear persistently lower, yet still within 
experimental error of those procured using oligocyclics as standards. The greatest 
divergences are occurring within predictions of vapor pressures at elevated temperatures 
and with normal boiling temperature estimations. For the cedrenes, the best results were 
obtained using equations for oligocyclic hydrocarbons from using a combination of both 
correlated and experimental data for two of the standards (subset C of Tables 3.10 & 
3.11). 
 
 
 
 
 
 
Table 3.12 A summary of the vaporization enthalpies and vapor pressure constants of Eq. 
(E-3.1) evaluated in the work; po =101325 Pa 
 
 g l Hm(298 K) 
kJmol-1 
As Bs Cs 
Adamantane 48.50.5 10.637±0.220 -4735.9±181 -126390±36192 
Diamantane 65.10.6 11.243±0.267 -5682.1±214 -286764±41846 
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-Cedrene 
64.81.2 10.734±0.005 -4990.3±3.8 -390854±671 
  -Cedrene 
64.71.0 10.224±0.078 -4590.7±56 -466308±10071 
 
 
 
 
 
 
 
Evaluating vapor pressures of polycyclic hydrocarbons at elevated temperatures using n- 
alkanes results in smaller values and requires higher temperatures to obtain atmospheric 
pressure. This phenomenon is likely due to heat capacity contributions by methyl and 
methylene groups of the n-alkane. These groups are amid the largest contributors to the 
heat capacity at T = 298.15 K when modeling liquid heat capacities 26, and may also be 
most greatly affected by temperature dependence compared to other hydrocarbon groups. 
A slightly greater curvature in plots of ln(p) vs 1/T occurs when changes in liquid heat 
capacity is not compensated by comparable changes in the gas phase values. This results 
in lower estimated vapor pressures at the higher temperatures, requiring more elevated 
temperatures to achieve vapor pressures of an atmosphere. In the correlation of vapor 
pressures as a function of temperature, the experiment is somewhat more susceptible to 
variation based on structural homogeneity of the standards and targets than is the 
evaluation of vaporization enthalpy. The results in this chapter emphasize the importance 
of choosing standards for measuring vapor pressures that imitate the structure of the 
target compounds. 
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Chapter 4 
Bergamotene Oil 
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4.1 Introduction 
 
In summer months plants emit volatile organic compounds such as terpenes and 
sesquiterpenes. These can then interact with sunlight and other atmospheric constituents 
to be photochemically altered to produce smog. Interestingly, aerosol yields are 
positively correlated with molecular weight, despite sesquiterpenes being much less 
volatile than their terpene counterparts 1. Many terpenes have been extensively studied 
with regards to their thermochemical properties, yet similar information is scarce for 
sesquiterpenes. A modern compendium of 14,000+ compounds’ experimental phase 
change enthalpies cites only two sesquiterpene hydrocarbons in the work, with 
oxygenated derivatives being equally limited 2. The medicinal properties of 
sesquiterpenes produces additional interest in these compounds where many of them have 
been used in folk medicines, and some have exhibited potential for decreasing cancer 
progression 3. The lack of thermodynamic data for these materials is plausibly due to 
their presence in complex mixtures which makes them difficult to procure in purified 
form, and if they are available purified, they can be very expensive. The need for 
purification can be altogether eliminated by applying correlation gas chromatography 
(CGC) for the measurement of several thermochemical properties of these biogenic 
compounds, which is what our lab seeks to do. As long as the materials can be 
characterized adequately and separated from one another in the chromatogram, this 
technique provides both separation and thermochemical analysis in one step. 
Typically, standards chosen for CGC reflect the functionality of the target compounds to 
be measured, yet the use of n-alkanes as standards for the evaluation of vaporization 
enthalpies of hydrocarbons has been largely successful with the results being generally 
independent of the structures of the targets. A recent study examined the applicability of 
evaluating vapor pressures and vaporization enthalpies of composite polycyclic branched 
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systems such as those commonly found in sesquiterpenes. This study used n-alkanes to 
measure the properties of adamantane, diamantine, and - and -cedrene while 
examining the method itself 4. Results concluded that the application of n-alkanes as 
standards were sufficient for vaporization enthalpy and to a lesser extent, vapor pressure 
measurements near ambient temperatures. Vapor pressures calculated at elevated 
temperatures were underestimated which was confirmed in two ways. First, a comparison 
of the predicted boiling temperature to that obtained by experimental procedures proved 
the disparity, and secondly, the results were also compared to those obtained by using 
polycyclic standards. This research aims to further examine how well n-alkanes function 
as vapor pressure standards in the evaluation of branched cyclic and bicyclic 
hydrocarbons. The results collected here will be compared to a second set of experiments 
where a mixture of bicyclic and polycyclic hydrocarbons are used as standards. The 
target compounds being measured are the major components of bergamotene oil. 
 
The primary compounds found in bergamotene oil have been identified as -humulene, 
 
trans -bergamotene, and E -caryophyllene with their structures being shown in Figure 
 
4.1. Structures of the non-alkane standards are provided in Figure 4.2. E -caryophyllene 
is refered to as a dietary cannabinoid due to its activation of a similar receptor 5, and is 
found in several other essential oils. Also, this caryophyllene has been shown to display 
anti-inflammatory aspects, 6,7 and the possibilty for the treatment of pain, osteoporosis, 
and atherosclerosis 5. It shows effective antileishmanial properties against the protozoan 
parasite Leishmania, a tropical disease affecting an estimated 12 million people 8, as well 
as inducing selective apoptosis in tumor cell lines 9. 
Humulene, which is also known as -humulene or -caryophyllene, is an isomer of - 
caryophyllene. It has been identified in bergamotene oil and is one of the molecules 
found in the essential oil from Humulus lupulus (the hops plant). The “hoppy” taste and 
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aroma innate to beer is believed to be due to the presence of humulene, its epoxides, and 
reaction products. Humulene also shows anti-inflammatory properties 6. 
The major constituent of bergamotene oil is trans -bergamotene which is used in aroma 
therapy as well as folk medicine for chronic inflammation of the intestines and/or 
diarrhea and tissue disruptions. Together, trans -bergamotene with  and -selinene, 
and -bisabolene which are all the major components of Copaifers reticulate plants, have 
displayed good activity against oral pathogens 10. Both  and  isomers of trans 
bergamotene are found in the male pheromone from the ectoparasitoid Melittibia digitata 
11 as well as bergamot 12, and other natural oils. In the presence of light or heat, trans - 
Bergamotene which contains an exocyclic double bond slowly isomerizes to - 
bergamotene containing an internal double bond 11. 
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Fig. 4.1. Top: the major components of bergamotene oil, (1) trans -Bergamotene 
(56%) , (2) E -Caryophyllene (15%), (3) -humulene (20%). Bottom: (4) Z- 
caryophyllene. 
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Fig. 4.2. Structures of the cyclic and polycyclic compounds used as standards; (5) 1,4-di- 
t-butylbenzene, (6) (-)-Pinene, (7) adamantane, (8) 1,3-dimethyladamantane, (9) 1,3,5- 
trimethyladamantane, and (10) diamantane. 
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4.2 Experimental 
 
 
4.2.1 Identity and Purity Controls 
 
The most abundant three ingredients in bergamotene oil were confirmed using GCMS 
and validated by their Kovak’s retention indices. To independently confirm the presence 
of -humulene and E -caryophyllene, a commercially available technical grade sample 
of the latter was analyzed by GCMS. In the evaluation of E -caryophyllene, GCMS also 
identified the presence of Z-caryophyllene and -humulene and they were confirmed by 
their retention indices. These data can be found in Appendix IX. The technical grade 
sample used in this study was likely past its shelf life, so a fresh sample of E - 
carophyllene was purchased from TCI and analyzed in the same fashion. Both 
commercial samples revealed identical retention indices for the components in question, 
but varied in their relative abundance. The bergamotene oil was purchased on e-Bay from 
Aramacs India. All analyses by GCMS were run on a Hewlett Packard System Model 
5698A operating in EI mode at 50eV. The instrument was equipped with an HP-1 Ultra 
capillary column (12 m x 0.20 mm; 0.33 μm film thickness). The oven was held constant 
at T = 378 K with helium used as the carrier gas. Mass spectra obtained were compared to 
ones available in the NIST/EPA/NIH MS library where the three dominant peaks from 
bergamotene oil were identified. The retention indices excluded the other possible 
compounds suggested by the software. The oil had two minor components that were not 
identified. The technical grade sample produced additional peaks as well. The sample 
from TCI showed only trace amounts of Z-caryophyllene as determined by retention time 
and integration, therefore the correlation gas chromatography experiments were done 
using the technical grade sample. Chromatograms pertaining to the identification of the 
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components in bergamotene oil, technical grade caryophyllene, and caryophyllene from 
TCI are provided in Appendix III. 
 
A sample of commercially available 1,3,5-trimethyladamantane which was used as a 
standard in several runs, was also analyzed by GC and GCMS. This material was 
delivered from China without a label, but was identified by the NIST software accurately. 
 
 
 
4.2.2 Methods 
 
Thermodynamic properties were measured on an HP 5890 gas chromatogram utilizing 
HP Chemstation software. Isothermal data was collected over a T = 30 K temperature 
range at 5 K intervals. The GC was equipped with a Supelco (15m, 0.32 mm, 1.0 m film 
thickness) SPB-5 capillary column and helium was used as the carrier gas. Temperatures 
were monitored independently with a Fluke digital thermometer where the column 
temperatures were maintained within T = ± 0.1 K by the instrument. Two sets of 
standards were used to evaluate the targets, both n-alkanes and several cyclic and 
polycyclic hydrocarbons. Retention times for all eight runs can be found in Appendix III 
(AIII-1 thru AIII-8). Data analyses procedures are outlined in chapter 1 (1.1). At 
temperatures above T = 400 K, the solvent used, methylene chloride, was not retained on 
the column. There is a slight increase in retention time with increasing temperatures of 
the non-retained reference material (solvent). This is in contrast to materials that are 
retained on the column, and the increasing retention time is due to an increase in the 
viscosity of the carrier gas, in this case, helium 13. All experiments were run in duplicate. 
As in previous work, all uncertainties here refer to one standard deviation unless 
otherwise noted, defined by the Guide to the Expression of Uncertainty in Measurement 
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14. An average is reported for standard deviations from logarithmic terms. Boiling 
temperatures were calculated using equation (E-1) and solving for T when ln(p/po) =0. 
 
 
 
ln(p/po) = As + Bs (K/T) + Cs (K/T)2 (E-4.1) 
 
 
 
Uncertainties in boiling temperatures were derived from the combination of uncertainties 
in ln(p/po) and ln(pu/po), then fitting the results (ln((p+pu)/po)) as a function of T to (E- 
4.1) and finally evaluating the temperature when ln((p+pu)/po) = 0. Combined result 
errors were calculated as (e 2 + e 2+ ...)0.5. 
To evaluate vaporization enthalpies of the targets, two independent sets of correlations 
were performed, one containing n-alkanes as standards 15, and another using a series of 
cyclic and polycyclic hydrocarbons (4,16-19). The vaporization enthalpies of the standards 
are shown in Table 1 below where the n-alkanes are listed in the first column and the 
oligocyclics (cyclic and polycyclics) are listed in column 4. 
 
 
 
 
Table 4.1: Vaporization Enthalpy of the standards; po = 101325 Pa 
 
     (       )
a 
  
kJ.mol-1 
 
Ref 
     (        )   
kJ.mol-1 
 
Ref 
Decane 51.420.26 [15] (-) -Pinene 44.6±0.2
b [16] 
Undecane 56.580.57 [15] Adamantane 48.5±3.8
c [4] 
Dodecane 61.520.62 [15] 1,3-Dimethyladamantane 49.370.33b [17] 
Tridecane 66.680.67 [15] 1,3,5-Trimethyladamantane 51.740.2b [19] 
Tetradecane 71.730.72 [15] 1,4-Di-t-butylbenzene 62.980.14b [18] 
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Hexadecane 81.350.81 [15] Diamantane 65.04.4c [4] 
a The uncertainty in the n-alkanes is described as probable error. 
 
b Estimated combined expanded uncertainty (confidence level : 0.95). 
c Uncertainty: 1 standard deviation. 
 
 
 
 
 
The same two sets of standards were used to evaluate vapor pressures of the targets as 
well. Various equations were used to reproduce the vapor pressures of these standards as 
a function of temperature. The Cox equation parameters 15, equation (E-4.2) was used to 
fit the vapor pressures of the n-alkanes and shown below in Table 4.2A. Parameters for 
the Wagner equation, (E-4.3), was used to evaluate the vapor pressure data for 1,4-di-t- 
butylbenzene and 1,3-dimethyladamantane and are also provided in Table 4.2B 17,18. 
Adamantane, diamantane 4, and (-) pinene 4,20 vapor pressures were fit to equation (E- 
4.1). For convenience, experimental vapor pressure data (AIII-10) 19 for 1,3,5- 
trimethyladamantane was also fit to (E-4.1) and constants from this equation are reported 
in Table 4.2C. 
 
 
 
ln(p/po) = [1 - To/T]exp[ACo + AC1 (T/K) + AC2 (T/K)2 (E-4.2) 
 
 
 
ln(p/pc) = (1/Tr) (Aw (1 – Tr) + Bw (1 – Tr)1.5 + Cw (1 – Tr)2.5 + Dw (1 – Tr)5 (E-4.3) 
 
where Tr = T/Tc 
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s
Table 4.2 Vapor pressure constants of the compounds used as standards 
4.2A Parameters of the Cox equation (E-4.2)
a 
Decane Dodecane Tridecane Tetradecane Pentadecane Hexadecane  
To 447.269 489.438 508.602 526.691 543.797 559.978  
ACo 2.9669 3.05854 3.10403 3.13624 3.16774 3.18271 
 
AC1 -0.001932579 
-0.002018454 -0.002071819 -0.002063853 -0.002062348 -0.00200545  
AC2    1.644626E-06  1.606849E-06  1.611600 E-06  1.541507E-06 1.487263E-06 1.384476E-06 
 
4.2B Parameters of the Wagner equation (E-4.2); p
o =101325Pa 
 1,3-Dimethyladamantaneb 1,4-Di-t-butylbenzene
c
 
AW 
-9.2795 
-8.1734 
BW 
3.87697 
3.28872 
CW 
-5.5302 
-3.4732 
DW 
-3.3734 
-2.486 
Tc /K 
708 
708 
pc/kPa 
2300 
3000 
 
 
4.2 C Parameters of Eq. (E-4.1) 
 
A Bs(K) Cs(K)
2 
(-)-Pinene d 8.305±0.098   - 2550.72±69  -436382.3±12060 
Adamantane e 10.572±0.22   -4694.6±16.8  -132276.7±35469 
Diamantane e 11.219±0.26   -5657.94±209 -292619.9±41027 
1,3,5-Trimethyladamantanef 8.691±0.026 3287.8±22.0 406878±4617 
 
a  Reference [15]. 
 
b  Reference [17]. 
c  Reference [18]. 
d Vapor pressures from ref. [20]; fit to eq (E-4.1) ref.[4]; uncertainties are one standard 
deviation. 
e Reference [4]. 
f Vapor pressures from ref. [19]; fit to eq (E-4.1) (Table AIII-10, Appendix III); 
uncertainties are one standard deviation. 
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l
 
Vaporization enthalpies have also been estimated utilizing the simple relationship given for 
hydrocarbons in equation (E-4.4) where the term nC refers to the total number of carbons and 
nQ defines the number of quaternary sp3 hybridized carbon atoms present in the molecule 21. 
 
   Hm (298 K) / kJ·mol -1 = 4.69 (nc – nq) + 1.3nq + 3.0 (E-4.4) 
 
 
 
 
4.3 Results 
 
The vaporization enthalpies of E -caryophyllene, trans -bergamotene, and -humulene 
are presented here first. These major components of bergamotene oil were evaluated in 
run 1 using oligocyclic standards and again in run 3 using n-alkane standards. These 
results are presented in Tables 4.3A and 4.3B respectively with equations (E.-4.5) and (E- 
4.6) characterizing the quality of these correlations. The duplicates of these runs (runs 2 
& 4) are shown in Appendix III (AIII-2, AIII-4). 
 
 
 
 
Table 4.3: Correlation of Htrn(Tm) with  gHm(298 K) of the standards; uncertainties 
represent one standard deviation 
 
 
A. Run 1 - slope/K intercept ( ) ( ) kJmol-1 
  kJmol-1 (lit) (calc) 
(-) -Pinene 4141.8 11.12 34.43 44.6±0.2a 44.4±2.4 
Adamantane 4485.7 11.019 37.29 48.5±3.8b 48.4±2.4 
1,3-Dimethyladamantane 4644.0 11.257 38.61 49.37±0.33a 50.3±2.5 
1,3,5-Trimethyladamantane 4713.6 11.381 39.19 51.74±0.9a 51.1±2.5 
1,4-Di-t-butylbenzene 5728.6 13.030 47.63 62.98±0.14a 63.1±2.8 
     
Diamantane 
5881.0 12.297 48.89 65.0±4.4b 
64.9±2.8 
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a Uncertainties: expanded uncertainty (95 % confidence level). 
b Uncertainties: one standard deviation. 
c Uncertainties: probable error. 
Similar correlations produced results for the caryophyllenes from an alternative source 
for -humulene and E -caryophyllene. These results (runs 5 & 7) are shown in Table 4.4 
below and characterized by equations (E-4.7) and (E-4.8). The vaporization enthalpy of 
Z-caryophyllene is also evaluated here. Duplicate runs are presented in Appendix III 
(AIII-6 & AIII-8). A summary of the results from all correlations are shown in Table 4.5 
and discussed in section 4.4. 
E -Caryophyllene 5937.2 12.886 49.36   
     65.5±2.8 
trans -Bergamotene 6257.8 13.621 52.03   
     69.3±2.9 
-Humulene 
6081.7 13.073 50.56   
    67.2±2.9 
      (           )/kJmol-1 = (1.4160.044)            (           ) - (4.361.81); r2 = 0.9962 (E-4.5) 
                 
B. Run 3 - slope/K intercept       (           )      
kJmol-1 
      ( ) kJmol- 
    
(lit)c (calc) 
Decane 4768.1 12.409 39.64 51.42±0.26 51.7±0.8 
Undecane 5183.0 12.854 43.09 56.58±0.57 56.4±0.8 
Dodecane 5619.8 13.369 46.72 61.52±0.62 61.4±0.9 
Tridecane 6064.5 13.914 50.42 66.68±0.67 66.5±0.9 
Tetradecane 6518.5 14.490 54.19 71.73±0.72 71.7±0.9 
Pentadecane 6973.7 15.073 57.98 76.77±0.77 76.9±1.0 
E -Caryophyllene 6009.4 13.060 49.96 
 
65.9±0.9 
trans -Bergamotene 6332.5 13.802 52.65 
 
69.6±0.9 
-Humulene 6154.8 13.250 51.17 
 
67.6±0.9 
      (           )/kJmol-1 = (1.3770.013)             (            ) - (2.950.62);  r2 = 0.9996 (E-4.6) 
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lTable 4.4: Correlation of Htrn(Tm) with  gHm(298 K) of the standards 
 
A. Run 5 
 
- slope/K 
 
intercept 
        (           )  
         
kJmol-1 
 
      ( ) kJmol-1 
        
(lit) (calc) 
(-) -Pinene 4071.8 10.948 33.85 44.60.2a 44.42.3 
Adamantane 4417.7 10.860 36.73 48.53.8b 48.42.4 
1,3-Dimethyladamantane 4576.6 11.101 38.05 49.370.33a 50.32.5 
1,3,5-Trimethyladamantane 4645.0 11.223 38.62 51.740.2a 51.12.5 
1,4-Di-t-butylbenzene 5664.8 12.903 47.09 62.980.14a 63.12.7 
Diamantane 5817.8 12.176 48.37 65.04.4b 64.92.8 
Z-Caryophyllene 5858.8 12.791 48.71 
 
65.42.8 
E -Caryophyllene 5863.9 12.735 48.75 
 
65.52.8 
-Humulene 6003.3 12.912 49.91 
 
67.12.8 
      (           )/kJmol-1 = (1.4110.044)             (           ) - (3.3571.80);   r2 = 0.9961 (E-4.7) 
                 
 
Run 7 - slope/K intercept         (           )           
kJmol-1 
      ( ) kJmol-1 
        
(lit)c (calc) 
Tridecane 5787.2 13.258 48.11 66.68±0.67 66.8±1.4 
Tetradecane 6242.3 13.836 51.9 71.73±0.72 71.7±1.4 
Pentadecane 6694.7 14.413 55.66 76.77±0.77 76.6±1.5 
Hexadecane 7144.3 14.987 59.4 81.35±0.81 81.5±1.5 
Z- Caryophyllene 5748.3 12.509 47.79 
 
66.3±1.4 
E -Caryophyllene 5751.8 12.449 47.82 
 
66.4±1.4 
-Humulene 5891.3 12.626 48.98 
 
67.9±1.4 
      (           )/kJmol-1 = (1.300.019)             (           ) + (4.011.04);   r2 = 0.9996 (E-4.8) 
                 
a Uncertainties: expanded uncertainty (95 % confidence level). 
b Uncertainties: one standard deviation. 
c Probable error. 
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Table 4.5: A summary of the vaporization enthalpies of Z- Caryophyllene, E - 
Caryophyllene, trans -Bergamotene and -Humulene at T = 298.15 K in kJmol-1 
 
 
Bergamotene oil 
 
Oligocyclic Hydrocarbons 
n-Alkanes   
 Run 1 Run 2 Run 3 Run 4 Average
a Estimate 
E -Caryophyllene 65.5±2.8 65.5±2.8 65.9±0.9 65.7±1.1 See b 70.03.5 
trans -Bergamotene 69.3±2.9 69.3±2.9 69.6±0.9 69.6±1.1 69.52.0 70.03.5 
-Humulene 67.2±2.9 67.2±2.9 67.6±0.9 67.6±1.1 See b 70.03.5 
   
Caryophyllene (Tech) Run 5 Run 6 Run 7 Run 8  
Z Caryophyllene 65.5±2.8 65.4±2.8 66.3±1.4 66.4±1.7 66.0±2.0 70.03.2 
E -Caryophyllene 65.5±2.8 65.5±2.8 66.4±1.4 66.5±1.7 65.9±2.1b 70.03.5 
-Humulene 67.1±2.8 67.1±2.9 67.9±1.4 67.9±1.8 67.5±2.1b 70.03.5 
a The vaporization enthalpy is a weighted average inversely related to the uncertainty; the 
uncertainty is an average standard deviation. 
b Average of eight runs. 
 
 
 
 
 
The vapor pressures of the main components of bergamotene oil were evaluated next by 
correlating ln(p/po) and ln(to/ta) using both arrays of standards, and then the same 
procedure was performed on the caryophyllenes. Average values of (to/ta) evaluated from 
the slope and intercept of duplicate runs and used here since they were measured at 
similar temperatures. Values of ln(to/ta)avg were correlated with the analogous value of 
ln(p/po) of the standards. Results at T = 298 K are shown in Table 4.6 (runs 1-4) and in 
Table 4.7 (runs 5-8). Corresponding equations (E-4.9 thru E-4.12) summarize the quality 
of the correlations. This process was repeated at T = 10 K intervals from 310 K to 460 K. 
Correlation coefficients of the oligocyclic standards varied the most, which dictated the 
optimal temperature range. Their values ranged from r 2 = 0.9966 down to r 2 =0.9944 
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where above T = 460 K, the r 2 value began to decline quickly. Correlations using n- 
alkane standards produced r 2 values above 0.999 over the entire temperature range used. 
Vapor pressures for the target molecules derived from the correlations in the form of 
ln(p/po) were fit to equation (E-4.1) and all constants are reported in Appendix III (AIII- 
11). Vapor pressures evaluated for E -caryophyllene and -humulene were generally 
within experimental error over the temperature range of T = (298.15 to 460) K using 
either series of standards for both the technical grade caryophyllene sample as well as the 
bergamotene oil. Therefore, vapor pressure values using oligocyclic standards (runs 1 & 
2 and runs 5 & 6) were averaged and fit to (E-4.1). Results for experiments using n- 
alkanes as standards (runs 3 & 4 and runs 7 & 8) were treated in the same manner. 
Constants for the targets are reported in Table 4.8 below as well as predicted boiling 
temperatures that correspond to available literature values. Details on individual vapor 
pressures within the temperature range reported and their uncertainties can be found in 
Appendix III (AIII-12 thru AIII-15). 
 
 
 
 
 
Table 4.6 Correlation of ln(p/po) versus ln(to/ta)avg of bergamotene oil at T = 298.15 K 
from runs 1 and 2 using oligocyclic hydrocarbons and runs 3 and 4 using n-alkanes as 
standards; po = 101325 Pa; uncertainties represent one standard deviation 
 
A. Runs 1 and 2 averaged 
ln(to/ta)av 
g 
ln(p/po 
)exp 
 
ln(p/po)calc 
p(l)calc/ 
Pa 
p(l)lit/Pa 
 
(-)-Pinene 
 
-2.759 
 
-5.159 
 
-5.004±0.236 
680± 
160 
599a 
 
Adamantane 
 
-4.015 
 
-6.669 
 
-6.617±0.264 
140± 
36 
129b 
 
1,3-Dimethyladamantane 
 
-4.31 
 
-6.894 
 
-6.994±0.271 
93±2 
6 
100c 
1,3,5- 
Trimethyladamantane 
 
-4.419 
 
-6.913 
 
-7.135±0.274 
81±2 
2 
101d 
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o       
    8.5±2 8.0e 
1,4-Di-t-butylbenzene -6.175 -9.448 -9.388±0.326 .8  
  -  1.7±0 1.9b 
Diamantane -7.421 11.041 -10.986±0.366 .6  
    2.9±1 2.8,f 1.1f 
E -Caryophyllene -7.019  -10.471±0.353 .0  
 
trans -Bergamotene 
 
-7.361 
  
-10.909±0.364 
1.9±0 
.7 
 
 
-Humulene 
 
-7.317 
  
-10.853±0.363 
2.0±0 
.7 
 
  (         )      (                           )     (          )     (                           ) r2 = 0.9960 
(E-4.9) 
 
 
 
 
B. Runs 3 and 4 
 
ln(to/ta)av 
g 
ln(p/po)ex 
p ln(p/po)calc 
 
p(l)calc/Pa p(l)lit/P 
ag 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (         )      (                           )     (          )     (                           ) r2 = 0.9999 
(E-4.10) 
averaged  
   -  180 
n-Decane -3.609 -6.322 6.328±0/009 180±1.6  
   -  57 
n-Undecane -4.548 -7.485 7.481±0.010 58±0.55  
   -  18 
n-Dodecane -5.488 -8.634 8.634±0.010 18±0.18  
   -  5.7 
n-Tridecane -6.424 -9.789 9.784±0.011 5.8±0.064  
   -  1.8 
   10.936±0.01   
n-Tetradecane -7.362 -10.936 2 1.8±0.022  
   -  0.58 
   12.082±0/01   
Pentadecane -8.296 -12.078 3 0.57±0.007  
   -  2.8,f 
 
E -Caryophyllene 
 
-7.084 
 10.594±0.01 
2 
 
2.5±0.03 
1.1f 
   -   
 
trans -Bergamotene 
 
-7.425 
 11.012±0.01 
2 
 
1.7±0.02 
 
   -   
 
-Humulene 
 
-7.379 
 10.956±0.01 
2 
 
1.8±0.02 
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a Reference [16]. 
b Reference [4]. 
c Reference [17]. 
d Reference [19]. 
e  Reference [18]. 
f  Reference [22]. 
g Vapor pressures of the n-alkanes from reference [15]. 
Table 4.7 Correlation of ln(p/po) versus ln(to/ta)avg of caryophyllene at T = 298.15 K from 
runs 5 and 6 using oligocyclic hydrocarbons and runs 7 and 8 using n-alkanes as 
standards; po = 101325 Pa; uncertainties represent one standard deviation 
A. Runs 5 and 6 
averaged 
ln(to/ta)av 
g 
ln(p/po)e 
xp 
 p(l)calc/P 
a 
p(l)lit/Pa 
ln(p/po)calca  
   -        
5.004±0.23 
6 
680±16 
0 
599a 
 -2.744 -5.159   
(-) a-Pinene      
   -        
6.618±0.26 
4 
135±36 129b 
 
-3.993 -6.669 
  
Adamantane      
   -        
6.996±0.27 
2 
93±26 100c 
1,3- 
Dimethyladamantane 
-4.286 -6.894 
  
   -        
7.134±0.27 
5 
81±22 101d 
1,3,5- 
Trimethyladamantane 
-4.393 -6.913 
  
   -        
9.382±0.32 
6 
8.5±2.8 8.0e 
 
-6.133 -9.448 
  
1,4-Di-t-butylbenzene      
   - 
10.990±0.367 
1.7±0.6 1.9b 
 -7.378 -11.041   
Diamantane      
   - 
10.372±0.351 
3.2±1.1 4.2f 
 -6.899    
Z Caryophyllene      
   - 
10.466±0.353 
2.9±1.0 2.8,g 1.1g 
E -Caryophyllene 
-6.972    
-Humulene 
-7.262   2.0±0.7  
  -   
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o       
o       
10.841±0.363 
 
  (         )      (                           )     (          )     (                           ) r2 = 0.9960 
(E-4.11) 
 
 
 
 
B. Runs 7 and 8 
averaged 
 
ln(to/ta)avg 
ln(p/po)exp  
ln(p/po)calca 
p(l)calc/Pab p(l)lit/Pa 
h 
 
n-Tridecane 
 
 
 
n-Tetradecane 
 
 
 
n-Pentadecane 
 
 
 
n-Hexadecane 
 
 
 
Z-Caryophyllene 
 
 
 
E -Caryophyllene 
 
 
-Humulene 
  (         )      (                           )     (          )     (                           ) r2 = 0.9999 
(E-4.12) 
a Reference [16]. 
b Reference [4]. 
c Reference [17]. 
d Reference [19]. 
e  Reference [18]. 
f Estimate, reference [23]. 
-6.228 -9.789 -9.795±0.058 5.8±0.064 5.7 
 -10.936 - 1.8±0.022 1.8 
  10.933±0.06   
-7.177  2   
 -12.078 - 0.57±0.007 0.58 
  12.065±0.06   
-8.12  6   
 -13.181 - 0.19±0.013 0.19 
  13.191±0.07   
-9.059  0   
  
- 2.7±0.16 4.2f 
  10.537±0.06   
-6.847  1   
  
- 
10.627±0.06 
2.5±0.15 2.8,g 
1.1g 
-6.922  1   
  - 1.7±0.11 
 
  10.972±0.06   
-7.21  2   
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g Reference [22]. 
h Vapor pressures of the n-alkanes from reference [15]. 
 
 
 
 
 
 
 
 
Table 4.8 Constants of Eq. (E-4.1) evaluated for the targets from runs 1-8; po = 101325 
Pa; vapor pressures evaluated from T = (298.15 to 460) K; uncertainties: 1 standard 
deviation 
 
A. Standards: oligocyclic compounds 
 
Runs 1, 2, 5, 6, averaged As Bs Cs (BPcalc/BPlit)/Ka 
 
 
E -Caryophyllene 
-Humulene 
Runs 1 and 2 averaged 
11.139±0.004 -5180.0±3.2 -376355.7±584 (528.9±0.1)/(527-9)b 
 
11.381±0.005 -5363.5±3.8 -376853.2±693 (432.1±1.7)/(428-30)c 
 
 
12.025±0.004 -5545.1±2.9 -385490±521 (522.4±0.2)/(532.7±7)d 
trans -Bergamotene 
Runs 5 and 6 averaged 
 
Z-Caryophyllene 
B. Standards: n-alkanes 
11.200±0.004  -5171.1±0.004   -375861.1±548.2 (409±2.0)/402.2e 
 
 
Runs 3, 4, 7, 8 averaged 
 
E -Caryophyllene 
-Humulene 
Runs 3 and 4 averaged 
 
trans -Bergamotene 
Runs 7 and 8 averaged 
 
Z-Caryophyllene 
 
7.433±0.100   -2,645.1±73.9 -816263±13487 (554±0.7)/(527-9)b 
 
7.487±0.103   -2,696.2±76.5 -837371±13952 (435.5±1.9/(428-30)c 
 
 
8.263±0.085 -2991.1±62.5 -822487±11396 (544.7±0.5)/(532.7±7)d 
 
 
7.501±0.097 -2631.2±71.9 -819873±13110 (413.2±0.5)/402.2e 
 
 
a Boiling temperatures at various pressures 
 
b At p = 101325 Pa, ref. [24]; other reported values include 535.2, 536.2 K, ref [25]. 
c At p = 4800 Pa, ref [26]; at p = 1333 Pa, BP = 401.2 K (lit. 404.5 K, [25, 27]) 
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d At p = 101325 Pa, estimate, ACD labs, ref [25]. 
 
e At p = 2533 Pa (experimental database), ref [23]. 
 
 
 
 
 
 
 
 
4.4 Discussion and Conclusions 
 
 
Although target compounds were evaluated from differing sources, their vaporization 
enthalpies summarized in Table 4.5 remain consistent with their identity. Both n-alkanes 
and oligocyclic standards reproduce the ∆Hv of the caryophyllenes and trans - 
bergamotene within 1.2 kJmol-1 or less. The diversity in oligocyclic standard’s structure 
most likely accounts for the slightly increased error associated with those experiments. 
The usefulness of n-alkanes as surrogate standards for cyclic ethers is further 
demonstrated by the similarity of the results obtained by their use versus those of a 
diverse set of hydrocarbons. It should be noted that all vaporization enthalpies evaluated 
are marginally smaller than those predicted by equation (E-4.4) and reported in the final 
column of Table 4.5. To further validate these measurements, the vaporization enthalpy 
of -caryophyllene was compared to a previously reported measurement made by 
Hoskovec et al. 22 using similar alkane standards. These authors report 65.54 kJmol-1 
compared to (65.9±0.8) kJmol-1 obtained in this work as an average of eight experiments. 
Vapor pressure results for E -caryophyllene and  humulene from bergamotene oil 
(runs 1 & 2) and from the technical grade sample (runs 5 & 6) evaluated with oligocyclic 
standards are identical over the entire temperature range reported to two significant 
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figures. Similar vapor pressure comparisons were done for these targets from both 
sources using n-alkanes as well from runs 3 & 4, and runs 7 & 8. Vapor pressures for the 
major constituents of bergamotene oil (E -caryophyllene, trans -bergamotene, and - 
humulene) using both sets of standards compare within the declared uncertainties over 
the range of T = (298.15-400) K where they diverge at temperatures higher than these. 
The same comparison for vapor pressures of the technical grade caryophyllene (E - 
caryophyllene,  humulene, and Z- caryophyllene) are in agreement over roughly the 
same temperature spectrum with comparable divergence over T = 400 K. For details, see 
Appendix III (AIII-14 & 15) 
The typical vapor pressure behavior is illustrated graphically in Figure 4.3 for trans - 
bergamotene. The line represents vapor pressure results evaluated using n-alkanes and the 
squares show those obtained using oligocyclic standards. When compared to previous 
work 4, the results are parallel using both sets of standards. At near ambient temperatures, 
n-alkane standards generally underestimate vapor pressures of cyclic compounds, yet the 
results are within experimental error of those obtained by evaluation using more 
structurally similar standards to the targets. 
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Fig. 4.3. A plot of ln(p/po) versus K/T for trans -bergamotene. The squares represent 
vapor pressures evaluated using using oligocyclic compounds (runs 1 and 2) and the line 
n-alkanes as standards (runs 3 and 4). 
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As the temperature increases, both sets of experiments have results that begin to diverge. 
This also becomes apparent in the prediction of normal boiling temperatures as shown in 
Table 4.8 above. Several boiling temperatures are given at reduced pressure. Boiling 
ln
( p
/ p
o )
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temperatures for -humulene, TB = (428-430) K at p = 4800 Pa 26, and for Z 
caryphyllene, TB = 402 K at p = 2533 Pa 23 reported in the literature compare to TB = 
(432.1±1.7), and (409.0±2.0) K respectively when evaluated with oligocyclic standards. 
Boiling temperatures for E -caryophyllene at po = 101325, TB = (527-9) 24 and 536 K 25 
have been reported which compares to TB = (528.9±0.1) K when using oligocyclics in 
this study. Hoskovec et al. 22 measured a boiling temperature of TB = 557.8 K at po = 
101325 Pa by employing a gas chromatographic method using n-alkane standards, while 
this work reports TB = 554 K using similar standards. 
Most experimental vapor pressures at ambient temperatures for compounds used in this 
study are not available. The literature value for -caryophyllene reported by Hoskovec et 
al. of p298 K = 2.8 Pa 22 compares nicely with p298 K = (2.5±0.1) Pa evaluated in this work 
using similar standards. Oligocyclic standards produced a similar value of p298 K = 
(2.9±1.0) Pa. 
Vaporization enthalpies can be compared by evaluating the constants of (E-4.1) from 
 
correlations of Hm(Tm) vs. Hm(Tm) with those calculated from the Clausius 
  
 
Clapeyron equation. 
 
 
 
 
ln (   ) =          (           ) (E-4.13) 
 
 
Table 4.9 below shows the comparison of resulting vaporization enthalpies at T = 298.15 
 
K. The second column lists averaged values from Table 4.5 while the third and fourth 
columns provide the calculated values using (E-4.13). Oligocyclic standards consistently 
underestimated vaporization enthalpies, while n-alkanes slightly overestimated them 
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when compared to those reported in column two, although both series of results are 
within the experimental uncertainties cited. 
 
 
 
 
 
 
Table 4.9 Comparison of vaporization enthapies evaluated from correlation of 
      ( ) vs. ( ) and Eq. (E-4.1) using oligocyclic compounds or n-alkanes 
    
as standardsa 
 
    (           )/kJmol-1   
 Correlation Oligocyclic Standards n-Alkanes 
E -Caryophyllene 65.9±2.1 64.1±0.14 67.6±0.3 
-Humulene 67.5±2.1 65.7±0.14 69.2±0.3 
trans -Bergamotene 69.52.0 67.6±0.14 70.8±0.3 
Z-Caryophyllene 66.0±2.0 64.0±0.14 67.7±0.3 
a Uncerainties represent one standard deviation. 
 
 
 
 
 
In summary, E -caryophyllene, bergamotene, -humulene, and Z-caryophyllene were 
analyzed with regard to their vaporization enthalpies and vapor pressures as a function of 
temperature. A summary of the results which are most consistent with available literature 
data are provided in Table 4.10 below. 
 
 
 
 
Table 4.10 A summary of the vaporization enthalpies and the vapor pressure constants of 
Eq. (E-4.1) most consistent with literature values 
 
    
    (           )   
kJmol-1 
As Bs(K) Cs(K)2 
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a Uncertainties represent one standard deviation. 
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Chapter 5 
Ketones 
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5.1 Introduction 
 
 
 
Of the many uses for natural products, two of the targets in this work are used in the 
flavoring and perfumery industry. A significant number of these natural compounds are 
either terpenes, sesquiterpenes, or their derivatives. Taste and odor are closely related and 
clearly important in such products, making the volatility of these molecules an important 
physical property to measure and is an indicator of their environmental longevity. This 
work investigates the vapor pressures and vaporization enthalpies of several natural and 
synthetic products used in cosmetic and food applications by correlation gas 
chromatography. Three sets of correlations were performed on various compounds 
including: -damascenone, geranylacetone, nerylacetone, (d)-carvone, -ionone, 
isophorone, cis jasmone and the major & minor isomer of isojasmone. The isomers of 
isojasmone are found as a mixture of 2-hexyl-2-cyclopenten-1-one (major), 2-pentyl-2- 
cyclohex-2-en-1-one (minor). The US Federal Food, Drug and Cosmetic Act recognizes 
most of these compounds as FEMA GRAS chemicals (Generally Recognized As Safe) (1- 
3) and can be found in a diverse range of products. The structures of these ketones are 
 
illustrated in Figure 5.1. Carvones are found in several essential oils where the (l) form 
makes up 50-80% of spearmint oil 4 and its enantiomer is found in caraway. Both β- 
ionone and β-damascenone are contributors to the aroma found in roses 5 and the latter is 
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the primary odorant found in Kentucky bourbon 6. Both β-ionone and geranylacetone are 
major components of the flavor in tomatoes that distinguishes the home grown variety 
from the store bought ones 7 where these compounds lend a leafy, floral aroma to the 
fruit. Nerylacetone is also found in various flavors including coffee 8. Isophorone gives 
off a peppermint aroma and is also used as a solvent in lacquers and paint products 9. The 
jasmones are present in a multitude of essential oils, but are best known as the 
contributing odors of the jasmine flower 10. 
 
 
 
 
Figure 5.1. Targets, from left to right: -damasenone, -ionone, (d)-carvone, 
geranylacetone, nerylacetone, isophorone, isojasmone (2-hexyl-2-cyclopenten-1-one, 2- 
cyclohex-2-en-1-one) and cis jasmone (3-methyl-2-(2-pentenyl)-2-cyclopenten-1-one. 
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A series of ketone standards were used in these evaluations including: 2-heptanone, 
acetophenone, 2-nonanone, 1-tetralone, 2-undecanone, 2-tridecanone, and (-)-verbenone. 
These structures are shown in Figure 2 below. 
 
Figure 5.2. Standards, from left to right: 2-heptanone, acetophenone, benzophenone, 2- 
nonanone, 2-undecanone, 2-tridecanone, 2-pentanone (not shown), (-)-verbenone. 
 
 
 
 
 
 
 
 
 
 
 
5.2 Experimental 
 
 
5.2.1 Compounds: Identity and Purity Controls 
 
The compounds used in this study were obtained from commercial sources. Geranylacetone 
and nerylacetone were prepared as a mixture from the supplier and identified by their 
composition provided on the manufacturer’s label. The isomers of isojasmone were 
determined by GCMS and the NIST/EPA/NIH MS library which matched the fragmentation 
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patterns and structural analysis with that of 2-hexyl-2-cyclopenten-1-one (major; B), 2- 
pentyl-2-cyclohex-2-en-1-one (minor; A). 
 
 
 
5.2.2 Methods 
 
GCMS experiments were performed on a Hewlett Packard GC/MS system Model 5698A 
operating in EI mode (50eV) utilizing a Supelco SLBTM-5 MS capillary column (30m x 
0.25mm; 0.5μm film thickness). Helium was used as the carrier gas with an oven 
temperature of T = 373 K, and the spectra were compared to those available in the 
NIST/EPA/NIH MS library. Analyses of isothermal gas chromatographic measurments 
were implemented on an HP 5890 Series II GC running HP Chemstation at 5 K 
increments from T = (398 to 428) K for runs 1 & 2, T = (413 to 443) K temperature range 
for runs 3 & 4, and T = (424 to 454) K for runs 5 & 6. Experiments were done on a 30m 
DB-5 column using He as a carrier gas and methylene chloride as a solvent. The solvent 
was not retained on the column at these temperatures. Retention times and resulting 
correlations are provided in Appendix IV (AIV-1 thru AIV-6). For a detailed explanation 
of calculations used for the elucidation of vaporization enthalpies and vapor pressures, 
see section 1.1. 
Temperature adjustments of fusion enthalpy to 298.15 K from T = Tfus were 
accomplished by using equation (E-5.1) where the term Cp(c) refers to the heat capacity 
of the crystal, and Cp(l) refers to the heat capacity of the liquid. Both terms are estimated 
due to the empirically generated origin of (E-1) using estimated values 11,12. 
 
 
∆Hfus(298 K)/ kJ·mol-1 = ∆Hfus(Tm) + ∆Htrs(Ttrs) + 
[0.15C p(cr) - 0.26Cp(l) - 9.93][Tfus/K - 298.15]/1000 (E-5.1) 
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1 2 + ... 
l
 
∆Hsub(298 K)/ kJ·mol-1 = ∆Hsub(Tm) + [0.75 + 0.15C p(cr)][Tm/K - 298.15]/1000 (E-5.2) 
 
 
 
All uncertainties in this work, unless otherwise noted, exemplify one standard deviation 
as defined by the Guide to the Expression of Uncertainty in Measurement 13. The slopes 
and intercepts reported here and in Appendix IV were calculated by linear regression. 
Uncertainties associated with vapor pressures derived from logarithmic terms by linear 
regression are reported as the average standard deviation. Vapor pressure uncertainties 
are reported as a function of temperature and evaluated using the uncertainties affiliated 
with the correlation equation at each temperature. Uncertainties reported from combined 
results were evaluated as (u 2 + u 2 )0.5. 
The standards in this study have vaporization enthalpies available at T = 298.15 K or 
have been adjusted to this temperature and are reported in Table 5.1 with the literature 
references cited below the table. 
 
 
 
 
Table 5.1 Experimental enthalpies of vaporization at T = 298.15 K and coefficients of 
equation (E-5.3) for the ketone standards; po/Pa = 101325a 
 
 
∆ gH m(298 K) TB /Ka 
  A B/K 10-2·(C/K)2  
kJ.mol-1    Calc / Lit. b 
2-Heptanone 47.6±0.4c 8.975 -2753.3 -447072 421.5/424.7 
Acetophenone 55.4±0.4 9.434 -3459.1 -485486 474.8/475.2 
2-Nonanone 56.4±0.1 8.759 -2758.8 -622930 467.4/468.5 
6-Undecanone 66.6±1.9 8.819 -2920.2 -747777 501.2/501.2 
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3
(-)-Verbenone 58.8±0.9c 7.644 -2450.5 -710185 504.4/500.7 
2-Tridecanone 76.1±1.0 9.182 -3293.8 -899149 538.5/536.2 
Benzophenone 76.5±1.2 9.420 -3988.0 -848684 581.2/579.1 
2-Pentadecanone 86.0±1.7 8.9643 -3235.2 -1068964 568.1/567.2 
 
 
a) Vapor pressures from references [15,16,17] fit to equation (E-5.2); see reference [18] 
for details; uncertainties are one standard deviation 
b) Reference [14] unless otherwise noted 
c) Averaged values (See Appendix IV: AIV-7) 
 
 
Most of the vaporization enthalpy standards have vapor pressure equations that were 
derived from vapor pressures endemic to several different sources. These equations are 
second order polynomials (E-5.3) where the constants of (E-5.3) for the standards are 
reported in Table 5.1 above. 
 
 
ln(p/po) = A  + B(T/K) +  C(T/K)2 (E-5.3) 
 
 
 
The Chebychev polynomial was used to calculate vapor pressures from T = (423-658) K 
for 2-pentadecanone (E-5.4) using coefficients from published experimental data by 
Townsend et al. 17 (Table 5.2 below) 
 
 
 
 
Table 5.2 Coefficients of equation: 
 
T/K.log10(p/po) = ao/2 + a E (x) (E-5.4) 
s s 
s1 
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where po = 1 kPa and Es(x) is the Chebyshev polynomial in x of degree s where: 
Es(x) = a1.(x) + a2.(2x2-1) + a3.(4x2-3x) and x =[2T/K- (Tmax + Tmin)]/(Tmax- Tmin)a 
 
 Tmin/K Tmax/K ao a1 a2 a3 
2-Pentadecanone 
a 
423 658 1809.8 889.48 -19.42 3.25 
a Reference [19]. 
 
 
Estimating the vaporization enthalpy of a hydrocarbon compound with a single functional 
group can be done using the simple equation (E-5.5) where the term nC refers to the total 
number of carbons, nQ defines the number of quaternary sp3 hybridized carbons, and a 
correction term (C) that applies to a ring moiety (C = 2.9), or a carbon branch ortho to the 
ketone (C = -2.0). Using this equation, vaporization enthalpies can be generally reproduced 
within 5% for compounds containing approximately up to 15 carbon atoms 20. 
 
 
 gH  (298.15)/kJmol-1= 4.69(n  -n  ) +1.3n   + b + 3.0 + C (E-5.5) 
 
 
 
 
5.3 Results 
 
 
A correlation was performed for a series of ketones with the targets: d-carvone, β-ionone, 
trans-geranylacetone, nerylacetone and β-damascenone of Htrn(Tm) vs.  gHm (Tm) and 
the results are depicted in Table 5.3 with the equation (E-5.6) summarizing these results. 
All experiments were run in duplicates which can be referenced in Appendix IV, the 
average of the two correlations are reported in the summary Table 5.6. Results procured 
in earlier runs are used as standard values in subsequent correlations. For example, the 
vaporization enthalpy of β-damascenone evaluated in run 1 (67.72.0 kJmol-1) was used 
as a standard value in runs 3 & 4. 
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Table 5.3 Correlation of ΔtrnH(413 K) with Δ gH 
 
m(298 K) of the standards; uncertainties 
are one standard deviation; po =101325 Pa 
 
 
Run 1 - slope 
 
T/K 
intercept Htrn(413 K) 
 
kJmol-1 
g 
l Hm(298 K) 
 
kJmol-1 (Lit) 
g 
l Hm(298 K) 
 
kJmol-1 
2-Heptanone 4138.7±46 10.713±0.11 34.41±0.39 47.6±0.4 47.7±1.6 
2-Nonanone 4960.4±40 11.524±0.10 41.24±0.33 56.4±0.1 56.7±1.7 
(-)-Verbenone 5143.2±34 11.193±0.08 42.76±0.28 58.8±0.9 58.7±1.8 
6-Undecanone 5810.9±14 12.602±0.03 48.31±0.12 66.6±1.9 66.0±1.9 
2-Tridecanone 6774.9±38 13.749±0.09 56.32±0.32 76.1±1.0 76.5±2.1 
Damascenone 5971.2±35 12.362±0.08 49.64±0.29  67.7±2.0 
E-Nerylacetone 6415.1±36 13.223±0.09 53.33±0.30  72.5±2.0 
trans-Geranylacetone 6497.4±37 13.321±0.09 54.02±0.31  73.4±2.0 
none 6419.0±39 12.943±0.09 53.37±0.32  72.6±2.0 
d-Carvone 5319.8±68 11.460±0.16 44.23±0.56  60.6±1.9 
 
ΔlgHm(298.15 K)/kJmol-1 = (1.3120.029)Htrn(413 K) + (2.581.30);  r2 = 0.9986 (E-5.6) 
 
 
 
Similar correlations to those in Table 5.3 were conducted for isopherone, cis-jasmone, 
isojasmone B, and β-ionone. The results of this correlation is found in Table 5.4 with 
equation (E-5.7) summarizing the results. β-ionone was evaluated here again for the 
assurance of reproducibility and further use of these results as a standard in future runs 
where its value from runs 3 & 4 was averaged to be (72.5±2.9 kJmol-1). Previous runs (1 
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& 2) calculated the vaporization enthalpy of β-ionone to be (72.7±2.5 kJmol-1). Again, 
Table 5.6 summarizes the results of these correlations for all target compounds. 
 
 
Table 5.4 Correlation of ΔtrnH(428 K) with Δ gH m(298 K) of the standards; uncertainties 
are one standard deviation; po =101325 Pa 
 
 Run 3 - slope 
 
T/K 
intercept Htrn(428 K) 
 
kJmol-1 
g 
l Hm(298 K) 
 
kJmol-1 (Lit) 
g 
l Hm(298 K) 
 
kJmol-1 
 Acetophenone 4399.1±38 10.185±0.09 36.57±0.31 55.4±0.4 55.1±2.6 
 Benzophenone 6470.1±53 12.332±0.12 53.79±0.44 76.5±1.0 76.1±3.1 
 -Damascenone 5710.4±40 11.747±0.09 47.47±0.33 67.7±2.4 68.4±2.9 
 2-Tridecanone 6473.7±51 13.038±0.12 53.82±0.42 76.1±0.1 76.1±3.1 
 Isojasmone Ba 5837.0±40 11.999±0.09 48.53±0.33  69.7±2.9 
 cis-Jasmone 5773.7±39 11.827±0.09 48.00±0.33  69.0±2.9 
 -Ionone 6137.2±54 12.278±0.13 51.02±0.45  72.7±3.0 
 Isopherone 4599.5±39 10.364±0.09 38.24±0.33  57.2±2.7 
 
 
 
ΔlgHm(298.15 K)/kJmol-1 = (1.2150.043)Htrn(428 K) + (10.722.1);  r2 = 0.9975 (E-5.7) 
 
 
a) 2-Hexyl-2-cyclopenten-1-one 
 
 
 
A final series of ketone correlations were performed to evaluate both isomers of 
isojasmone. The results of a single run are shown in Table 5.5 with a summary equation 
of (E-5.8) below the table. Average values can be found in Table 5.6. 
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Table 5.5 Correlation of ΔtrnH(439 K) with Δ gH 
 
m(298 K) of the standards; uncertainties 
are one standard deviation; po =101325 Pa 
 
Run 5 - slope intercept ∆Htrn(439 K) 
∆ gH (298 
l m 
K) 
∆ gH (298 
l m 
K) 
  
T/K 
  
kJ·mol-1 
kJ·mol-1 
(Lit) 
 
kJ·mol-1 
2-Nonanone 4643.5±19 11.332±0.04 38.6±0.16 56.4±0.1 56.9±1.6 
(-)-Verbenone 4784.7±16 10.924±0.04 39.78±0.13 58.8±0.9 58.4±1.6 
β-Ionone 6033.7±21 12.594±0.05 50.16±0.17 72.7±3.0 72.4±1.8 
2-Pentadecanone 7257.9±26 14.513±0.06 60.34±0.21 86.0±1.7 86.2±2.0 
Isojasmone Aa 5529.2±18 11.970±0.04 45.97±0.15  66.8±1.8 
Isojasmone Bb 5719.4±19 12.309±0.04 47.55±0.16  68.9±1.8 
ΔlgHm(298.15 K)/kJmol-1 = (1.3480.026)Htrn(483 K) + (4.821.27);  r2 = 0.9992 (E-5.8) 
 
 
a)  2-Pentyl-2-cyclohexen-1-one 
b) 2-Hexyl-2-cyclopenten-1-one 
 
 
A summary of vaporization enthalpies is provided in Table 5.6 below. 
 
 
 
 
 
Table 5.6 A summary of the vaporization enthalpies at T = 298.15 K evaluated in runs 1- 
6; uncertainties are 1 standard deviation; po =101325 Pa; enthalpies in kJ.mol-1 a 
 
 
Run 1 
 
Run 2 Averageb 
 
Lit Estimatee 
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2-Heptanone 47.7±1.6 47.9±2.4  47.8±2.0 47.6±0.4 46.3±2.3 
 
2-Nonanone 
 
56.7±1.8 
 
56.8±2.6 
  
56.8±2.2 
 
56.4±0.1 
 
55.7±2.8 
 
6-Undecanone 
 
66.0±1.9 
 
65.7±2.8 
  
65.9±2.4 
 
66.6±1.9 
 
65.1±3.3 
 
(-)-Verbenone 
 
58.7±1.8 
 
58.5±2.6 
  
58.6±2.2 
 
58.8±0.9 
 
59.9±3.0 
 
2-Tridecanone 
 
76.5±2.1 
 
76.6±3.1 
  
76.6±2.6 
 
76.1±1.0 
 
74.5±3.7 
 
β-Damascenone 
 
67.7±1.9 
 
67.6±2.8 
  
67.7±2.4 
 
0 
 
71.1±3.6 
 
Nerylacetone 
 
72.5±2.0 
 
72.6±3.0 
  
72.6±2.5 
  
74.5±3.7 
 
Geranylacetone 
 
73.4±2.0 
 
73.5±3.0 
  
73.5±2.5 
  
74.5±3.7 
 
d-Carvone 
 
60.6±1.8 
 
61.1±2.7 
  
60.9±2.3 
  
61.3±3.1 
 
β-Ionone 
 
72.6±2.0 
 
72.7±3.0 
  
72.7±2.5 
  
71.1±3.6 
   
Run 3 
 
Run 4 
   
 
Acetophenone 
  
55.1±2.6 
 
55.2±2.4 
 
55.2±2.5 
 
55.4±0.4 
 
51.0±2.6 
 
β-Damascenone 
  
68.4±2.9 
 
68.1±2.7 
 
68.3±2.8 
 
67.7±2.4c 
 
71.1±3.6 
 
2-Tridecanone 
  
76.1±3.1 
 
75.8±2.9 
 
76.0±3.0 
 
75.9±1.2 
 
74.5±3.7 
 
Benzophenone 
  
76.1±3.1 
 
76.3±2.9 
 
76.2±3.0 
 
76.5±1.2 
 
74.5±3.7 
 
Isopherone 
  
57.2±2.7 
 
57.2±2.5 
 
57.2±2.6 
  
55.2±2.8 
 
cis-Jasmone 
  
69.0±2.9 
 
68.8±2.8 
 
68.9±2.9 
  
66.0±3.3 
 
Isojasmone B 
  
69.7±2.9 
 
69.4±2.8 
 
69.6±2.9 
  
66.0±3.3 
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β-Ionone  72.7±3.0 72.3±2.8 72.5±2.9  71.1±3.6 
  
Run 5 
 
Run 6 
    
 
2-Nonanone 
 
56.8±1.5 
 
56.7±1.0 
  
56.8±1.3 
 
56.4±0.1 
 
55.7±2.8 
 
(-)-Verbenone 
 
58.4±1.6 
 
58.6±1.0 
  
58.5±1.3 
 
58.8±0.9 
 
59.9±3.0 
 
β-Ionone 
 
72.4±1.7 
 
72.6±1.1 
  
72.5±1.4 
 
72.6±2.7d 
 
71.1±3.6 
 
2-Pentadecanone 
 
86.1±1.9 
 
86.1±1.2 
  
86.1±1.6 
 
86.0±1.7 
 
83.9±4.2 
 
Isojasmone A 
 
66.8±1.7 
 
67.0±1.0 
  
66.9±1.4 
  
66.0±3.3 
 
Isojasmone B 
 
68.9±1.7 
 
69.1±1.1 
  
69.0±1.4 
  
66.0±3.3 
 
a) Literature references cited in Table 5.1 
b) Uncertainties are one standard deviation averaged over duplicate runs 
c) Average value from runs 1&2 
d) Average value from runs 1-4 
e) Evaluated using equation (E-5.5) 
 
 
 
Results from runs 1 & 2 were used to evaluate the liquid vapor pressures of nerylacetone, 
geranylacetone, and β-damascenone, d-carvone. Averaged values of to/ta evaluated at T = 
298.15 K from the slopes and intercepts of these two runs were used since the runs were 
performed at analogous temperatures. Correlations were conducted for each compound 
using their values of ln(to/ta)avg and vapor pressure calculated with the constants in Table 
5.1. Similar values of ln(to/ta)avg for all compounds in runs 3 & 4, and 5 & 6 were also 
correlated against their vapor pressures at T = 298.15 K. An average value of ln(to/ta) for 
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β-damascenone in runs 1 & 2 was used as a standard value in subsequent correlations 
associated with runs 3 & 4. Furthermore, the value obtained from runs 1 & 2 for β-ionone 
and (-)-verbenone was used in runs 5 & 6 in the same manner. Isojasmone B was 
evaluated in runs 3 & 4 and the ln(to/ta)avg value procured there was later used in runs 5 & 
6. A summary of results at T = 298.15 K is reported in Table 5.7 below. Equations (E- 
5.6), (E-5.7), and (E-5.8) summarize the virtue of the three correlations. This operation 
was repeated in the same manner for all compounds at T = 310 K up to T = 450 K at 10 K 
intervals. Variation occurred within correlation coefficients (r2) at each temperature, but 
all transcended 0.996. Individual vapor pressures were analyzed and fit to a second order 
polynomial (E-5.3), and the constants resulting from these calculations are reported in 
Table 5.8. For a complete list of vapor pressures at each 10 K increment from T = (298.15 
to 450)K for geranylacetone, nerylacetone, d-carvone, β-ionone, β-damascenone, 
isopherone, cis-jasmone, and isojasmone A & B, see Appendix IV (AIV-9). 
 
 
 
 
 
 
Table 5.7 Vapor pressures from correlations between ln(to/ta)avg and ln(p/po)lit at T = 
 
298.15 K 
 
 
 
Runs 1 & 2 ln(to/ta)avg ln(p/po)lit ln(p/po)calc 
pl/Pa 
 calca/lit b 
2-Heptanone -3.197 -5.29 -5.29±0.15 512.1±75.6/513.3 
2-Nonanone -5.138 -7.52 -7.51±0.18 55.7±9.9/56.4c 
6-Undecanone -6.897 -9.39 -9.51±0.20 7.5±1.5/8.3 
2-Tridecanone -8.993 -11.98 -11.91±0.25 0.7±0.2/1.4d 
Nerylacetone -8.307  -11.13±0.11 1.5±0.2/2.1d 
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Geranylacetone -8.488  -11.33±0.11 1.2±0.1/3.4g 
d-Carvone -6.426  -8.98±0.11 12.8±1.4/15.3h 
β-Ionone -8.607  -11.47±0.11 1.1±0.1/7.2f 
β-Damascenone -7.677  -10.40±0.11 3.1±0.3/2.5e 
(-)-Verbenone -6.072  -8.57±0.11 19.2±2.1/30.3d 
Runs 3 & 4     
Acetophenone -4.497 -7.66 -7.62±0.45 49.9±23.4/52.9 
β-Damascenone -7.280 -10.40 -10.53±0.55 2.7±1.6/2.5e 
Isophorone -4.974 -7.45 -8.12±0.47 30.3±14.7/58.4 
2-Tridecanone -8.577 -11.98 -11.89±0.60 0.69±0.4/1.4d 
Benzophenone -9.276  -12.63±0.63 0.33±0.2/0.3 
cis-Jasmone -7.493  -10.76±0.56 2.16±1.3/3.9h 
Isojasmone B -7.615  -10.88±0.56 1.90±1.1/5.2g 
Runs 5 & 6     
2-Pentadecanone -9.88 -13.91 -14.00±0.49 0.08±0.05/0.6g 
2-Nonanone -4.29 -7.52 -7.60±0.39 50.8±20.4/56.4c 
(-)-Verbenone -5.18 -8.57 -8.62±0.42 18.2±7.9/30.3d 
β-Ionone -7.70 -11.47 -11.51±0.51 1.0±0.5/7.2f 
Isojasmone B -6.93 -10.88 -10.63±0.49 2.4±1.3/5.2g 
Isojasmone A -6.64  -10.29±0.27 3.4±0.9/4.8g 
 
a) Uncertainties evaluated from the correlation equation at T = 298.15 K 
b) Reference [14] unless otherwise noted 
c) See reference [21] 
d) Estimated; See reference [22] 
e) See reference [23] 
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f)  See reference [24] 
g)  See reference [25] 
h) Estimation; See reference [14] 
 
 
Table 5.8 Constants of the second order polynomial, equation (5.3), obtained from 
correlations of ln(to/ta)avg with ln(p/po)lit from T = (298.15 to 500) K and predicted boiling 
temperatures; po = 101325 Paa 
 
TB/K 
Runs 1 & 2 A B C  
calcb/lit 
2-Heptanone 8.7403±0.039 -2481.6±28 -506760±5093 421.5/424.7 
2-Nonanone 8.6457±0.021 -2677.8±15 -637144±2752 467.4/468.5 
6-Undecanone 8.9532±0.013 -2991.6±9.4 -749571±1693 501.2/501.2 
(-)-Verbenone 7.6469±0.009 -2441.2±6.4 -713956±1162 504.4/500.7 
2-Tridecanone 9.2702±0.002 -3350±1.7 -883864±316 538.5/536.2 
Nerylacetone 8.9753±0.002 -3166.4±1.3 -842748±231 530.0/527.2c 
Geranylacetone 9.0069±0.001 -3198.9±0.7 -854249±120 533.1/527.2c 
d-Carvone 7.8897±0.007 -2570.2±4.9 -733036±885 508.5/504.2 
β-Damascenone 8.2229±0.009 -2830.8±6.6 -811951±1192 530.4/547.2d 
β-Ionone 8.4614±0.012 -3024±8.4 -870096±1513 545.8/544.2 
 
Runs 3 & 4 
 
A 
 
B 
 
C 
TB/K 
 
calcb/lit 
Acetophenone 9.5858±0.028 -3575.5±21 -463332±3753 474.8/475.2 
Benzophenone 7.3150±0.038 -2467.3±28 -1037200±5057 581.2/579.1 
Isophorone 9.2702±0.032 -3429.9±24 -523149±4255 486.1/488.5 
cis-Jasmone 8.6222±0.018 -3062.2±13 -809786±2420 531.8/531.2 
Isojasmone B 8.9761±0.004 -3192.9±3.0 -813587±541 527.5/528.2e 
Runs 5 & 6 A B C TB/K 
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    calcb/lit 
2-Pentadecanone 9.2586±0.005 -3410.6±3.4 -1050679±618 568.1/567.2 
Isojasmone A 8.2992±0.002 -2853.6±1.6 -801731±282 527.1/530.2d 
 
a) Uncertainties represent one standard deviation evaluated by sigma plot 
b) All uncertainties in calculated values were found to be (0.1 K) or less suggesting that 
equation (E-5.3) provides a good fit of the correlated results; uncertainties in the 
predicted values of the standards, however, are generally larger as indicated in the table. 
c) See reference [26] 
d) Estimation; See reference [24] 
e) See reference [27] 
f) Standard values from previous runs 1&2 
 
 
 
 
 
 
5.4 Discussion & Conclusions 
 
A summary of the vaporization enthalpies appraised in this work is provided in Table 5.6 
above. The vapor pressures of the standards and targets calculated using the equations 
evaluated by correlation reported in table 5.8 appear to reproduce both vapor pressures at 
T = 298.15 K (Table 5.7) and most of the normal boiling temperatures of the standards 
quite well. 
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Chapter 6 
 
PMC, THC, & Tocopherol 
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6.1 Introduction 
 
Medicinal uses of cannabis have been relevant for millennia 1. A major active ingredient 
from cannabis, Tetrahydrocannabinol (THC, (6aR,10aR)- 7,8,10a-tetrahydro-6,6,9- 
trimethyl-3-pentyl-6H-dibenzo[b,d]pyran-1-ol) was isolated, characterized, and 
synthesized in the 1960’s and remains a prime focus of research and interest today 1-5. 
There is evidence that suggests THC was synthesized in the early 1940’s, yet a full 
characterization was lacking 6. A frequent delivery mechanism for recreational use of 
THC is through the lungs by smoking the dried plant. The drug presumably enters the 
lungs in the gas phase and on material adsorbed on the particulate matter that comprises 
the smoke. The vapor pressure of liquid THC near body temperature therefore plays a 
pivotal role in the transport activity. Very little thermodynamic property data can be 
found in the literature on THC despite public interest and extensive research on the 
controversial, yet therapeutic drug. The lack of information can be attributed to the 
limited availability and molecular size. 
A common form of vitamin E in the diet is -tocopherol which is the most active from 
the group of antioxidants found in a variety of seed and vegetable oils 7. It is a lipid 
soluble oil where its main biological utility as an antioxidant is to disrupt free radical 
propagation by reactive oxygen species that could result in cell membrane damage 8. 
117  
Obtaining synthetically pure samples of -tocopherol has been problematic which led to 
the use of 2,2,5,7,8-pentamethylchroman-6-ol (PMC) as a surrogate for in vitro studies 8. 
Quality thermochemical studies have recently been reported for PMC 9, and while its 
properties are not alone sufficient enough to establish similar properties for THC and - 
tocopherol, they all have functional similarities. These similarities are useful for the 
identification of substances that can serve as potential standards in future studies. The 
structures of the three compounds are illustrated in Figure 6.1, where only one of the 
eight possibilities is shown for (±) -tocopherol, the R,R,R stereoisomer. Severe 
restrictions on the choice of plausible standards are a result of the molecular size of the 
targets. Availability and reliability of thermochemical data for n-alkanes prompted their 
selection as potential reference compounds. The efficacy of these compounds as 
standards for the targets was first tested by conducting measurements of vaporization 
enthalpy and vapor pressure of PMC. 
With the establishment of appropriate standards for correlation, C-GC is adept at 
addressing the issues of molecular size and limited availability. So long as thermal 
lability is a moot point, molecular size of the targets should not be concerning, nor the 
purity of the samples since chromatography provides the separation necessary, and 
detector sensitivity allows for evaluation using even a limited supply of sample. The 
concern with this method remains the choice of suitable standards that have comparable 
volatility and reliable published data. 
 
 
 
 
 
6.2 Experimental 
 
6.2.1 Compounds: Identity and Purity Controls 
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All three target compounds were acquired from Sigma Aldrich. A maximum of eight 
stereoisomers are present in (±) -tocopherol where three of these are diastereomers. A 
single well resolved peak is obtained for (±) -tocopherol at the temperatures used in this 
study. 
The THC sample received was 1mg/mL in methanol 10. Purity of THC was evaluated by 
GC and found to be 90% pure. The methanol was allowed to evaporate from the 
purchased sample and addition of the hydrocarbons with PMC in methylene chloride 
was added to the THC sample until the concentration of standards and THC were 
comparable. 
 
 
 
 
Figure 6.1 Molecular structures of 2,2,5,7,8-pentamethylchroman-6-ol (PMC), (−)-trans- 
Δ9-tetrahydrocannabinol (THC), and (±) -tocopherol. The structure drawn for - 
tocopherol is the R,R,R stereoisomer 
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6.2.2 Methods 
 
Experiments were carried out on an HP 5890 Series II gas chromatogram utilizing a 12m 
HP-1 column and running HP Chemstation software. Helium was used as a carrier gas at 
a split ratio of approximately 100/1. Oven temperature was monitored by a Fluke digital 
thermometer. 
Details of experimental equations are provided in 1.1. The uncertainties evaluated in this 
work refer to one standard deviation (σ) defined by the Guide to the Expression of 
Uncertainty in Measurement 11 unless otherwise noted. All slopes and intercepts reported here 
and in the appendices were calculated using linear regression. Uncertainties in vapor 
pressures originating from logarithmic terms by linear regression are averaged σ. 
Uncertainties for vapor pressures measured as a function of temperature were evaluated using 
the uncertainties associated with the correlation equation evaluated at each temperature. 
Uncertainties calculated from composite results were evaluated as (u 2 + u 2 )0.5. A non- 
linear least squares treatment was used to generate the constants of the second order 
polynomial used to fit vapor pressures as a function of reciprocal temperature, eq. (E-6.1). 
Uncertainties reported for correlations are a measure of the quality of the correlation. 
Uncertainties associated with temperature adjustments of fusion enthalpy amount to 30 % of 
the total adjustment. 
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cr     m fus 
cr 
ln(p/po) =  A  +  B.(T/K) –1 +  C.(T/K) –2  where po = 101325 Pa (E-6.1) 
 
 
 
Temperature adjustments for fusion enthalpy of PMC was calculated with equation E-6.2 
where Cp(c) and Cp(l) represent the heat capacity of the solid and liquid at T = 298.15 K 
and  lH refers to the fusion enthalpy at the melting point (T /K). Heat capacities used 
here were derived from a group method 12. 
 
 
crlHm(298.15 K)/(kJ·mol-1) =  lHm(Tfus) /(kJ·mol-1) + 
 
[(0.15C p(cr) – 0.26Cp(l))/J· K-1·mol-1 – 9.93][Tfus/K - 298.15]/1000 (E-6.2) 
 
 
 
Vaporization enthalpies of the n-alkane standards as well as the constants used in the 
calculation of vapor pressures utilizing the Cox eq. 13, E-6.3 and a third order polynomial, 
E-6.4 are provided in Table 6.1. 
 
 
 
ln (p/po) =  (1-Tb/T) .exp(Ao +A1T +A2T 2) (E-6.3) 
 
 
ln(p/po) =  A  +  B.(T/K) –1 +  C.(T/K) –2 + D.(T/K) –3 (E-6.4) 
 
 
 
 
Table 6.1 Vaporization Enthalpies and Constants for Equations (6.3) and (6.4); po = 
101325 Pa 
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a Reference [14]. 
b Reference [15]. 
c Reference [16]. 
 
 
Physical properties of PMC which is being used to validate the use of n-alkanes as 
standards in the future evaluation of (±) -tocopherol and THC, are shown in Tables 
6.2A-6.2C below. These tables contain all the necessary information used for temperature 
adjustments for fusion enthalpy, a thermodynamic cycle calculation, and a vapor pressure 
estimation of liquid PMC 9. Fusion enthalpy was adjusted to T = 298.15 K using (E6.2). 
Bernardes et al. evaluated a heat capacity of the solid as (315.3±9.6) J·K-1·mol-1 utilizing 
Eq. (6.3) crlHm(298.15 K) 
(kJ·mol-1) 
    
 
Ao 103·A1(K-1) 106·A2(K-2) To/K 
Hexadecane a 81.35±0.8 3.18271 -2.002545 1.38448 559.978 
Heptadecane a 86.47±1.7 3.21826 -2.036553 1.3839 575.375 
Nonadecane a 96.44±1.9 3.27626 -2.06271 1.34674 603.989 
Eicosane a 101.81±2.0 3.31181 -2.102218 1.34878 617.415 
Eq. (6.4)  10-6A(K)3 10-4B(K)2 C(K) D 
Heneicosane b 106.8±2.4 199.89 -290.75 -98.135 6.6591 
Docosane b 111.9±2.7 217.13 -311.76 110.72 6.5353 
Tricosane b 117.0±2.8 233.86 -332.2 310.77 6.4198 
Tetracosan e b 121.9±2.8 250.72 -352.86 530.15 6.2817 
Pentacosane b 126.8±2.9 267.38 -373.07 741.19 6.1496 
Hexacosane b 131.7±3.2 282.44 -391.93 910.53 6.0704 
Octacosane b 141.9±4.9 313.89 -431.20 1279.4 5.8835 
Triacontane b 152.3±5.3 334.04 -469.98 1601.6 5.7696 
Dotriacontane c 162.5±2.8 375.24 -509.21 1947.2 5.6303 
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density functional theory calculations. Since the derivation of eq. E-6.2 was based 
previously on using estimated heat capacities of both phases, slightly different estimated 
values of C p(cr) = (331±17) J·K-1·mol-1 for the solid was used as well as the estimated 
liquid value of C p(l) = (434.2±14) J·K-1·mol-1. Both values were obtained using group 
additivity 12. The difference between the fusion and sublimation enthalpy was used to 
calculate the vaporization enthalpy using equation E-6.5. The vapor pressure of liquid 
PMC at the melting temperature, Tfus = 365.3 K, assuming a similar triple point 
temperature, was approximated by extrapolation using the reported vapor pressure 
equation of the solid evaluated from T = (330.8 to 352.2) K. This value is provided in 
Table 6.3C. 
 
 
 
 gH  (298.15 K) =   gH  (298.15 K) -   lH (298.15 K) (E-6.5) 
 
 
 
 
Table 6.2A Adjustment of crlHm(Tfus) to  lHm(298.15 K) of PMC 
 
crlHm(Tfus) 
kJ·mol-1 
 
Tfus/K 
C p(cr)/ Cp(l) 
 
J· K-1·mol-1 
CpT 
kJ·mol-1 
crlHm(298.15 K) 
kJ·mol-1 
27.0±0.2 365.3 331/434.2 -5.14±1.5 22.1±1.6 
 
Table 6.2B Vaporization enthalpy of PMC using the sublimation and fusion enthalpies at 
T = 298.15 K 
 
crgHm(298.15 K) 
kJ·mol-1 
crlHm(298.15 K) 
kJ·mol-1 
g 
l Hm(298.15 K) 
kJ·mol-1 
107.4±0.8 22.1±1.6 85.3±1.8 
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Table 6.2C Estimation of p/Pa at Tfus of solid PMC at Tfus; ln(p/Pa) = a + b/T 
 
a b T/K range p(365.3 K)/Pa 
37.35±0.24 -127289±80.6 330.8-352.2 12.3±3.3 
 
 
 
 
An illustration of results collected for PMC using n-alkane standards is shown in Table 
 
6.3 below. A duplicate run is provided in Appendix V (AV-1B) which produced a similar 
value of (82.9±1.1) kJmol-1. 
 
 
 
 
Table 6.3 Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate 
Vaporization Enthalpies of PMC (po/Pa =101325) 
 
Run 1 - slope 
 
T/K 
intercept Htrn(468 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Hexadecane 6293.4±22 12.933±0.047 52.32±0.18 81.35±0.8 81.4±1.1 
Heptadecane 6680.9±22 13.385±0.047 55.54±0.18 86.47±1.7 86.3±1.1 
PMC 6405.4±18 12.489±0.039 53.25±0.15  82.8±1.1 
Nonadecane 7484.9±25 14.357±0.054 62.23±0.21 96.44±1.9 96.7±1.2 
Eicosane 7876.3±25 14.828±0.053 65.48±0.20 101.81±2.0 101.8±1.2 
Heneicosane 8259.4±0.27 15.28±0.057 68.67±0.22 106.8±2.2 106.7±1.2 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.550.014)Htrn(468 K) - (0.2110.0.83) r
2 = 0.9998 (E-6.6) 
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Vapor pressures of the targets, including PMC, were obtained from correlations between 
ln(p/po) and ln(to/ta) of the n-alkanes. Values of (to/ta) calculated from the slopes and 
intercepts from plots of ln(to/ta) vs 1/T for duplicate runs were averaged since 
experimental conditions were similar. Resuts for PMC are shown in Table 6.4. A vapor 
pressure of p/Pa = (23±1) was evaluated by correlation at Tfus = 365.3 K using the value 
of ln(p/po) = (-8.39±0.04). 
Table 6.4 Evaluation of the vapor pressure of 2,2,5,7,8-pentamethylchroman-6-ol 
(PMC). Correlation of ln(to/ta) of the standards of runs 1 and 2 with their corresponding 
ln (p/po) values at T = 365.3 K; po = 101325 Pa; uncertainties represent one standard 
deviation 
 
PMC -Slope Intercept ln(to/ta)avg ln(p/po)exp ln(p/po)calc p365.3 K/Pa 
Hexadecane 6293.4 12.933     
 6250.6 12.840 4.28 -7.44 -7.44±0.04 60±2 
Heptadecane 6680.9 13.385     
 6646.1 13.309 4.89 -8.21 -8.21±0.04 28±1.2 
PMC 6405.4 12.489     
 6374.6 12.421 5.04  -8.39±0.04 23±1.0 
Nonadecane 7484.9 14.357     
 7464.6 14.310 6.13 -9.75 -9.76±0.05 6.0±0.3 
Eicosane 7876.3 14.828     
 7856.9 14.783 6.73 -10.52 -10.52±0.05 2.7±0.1 
Heneicosane 8259.4 15.28     
 8261.1 15.279 7.33 -11.30 -11.28±0.05 1.3±0.6 
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ln(p/po) = (1.262±0.005) ln(to/ta) - (2.03±0.03); r2 = 0.9999 (E-6.7) 
 
 
 
 
6.3 Results 
 
6.3.1 Vaporization Enthalpies 
 
Results for runs 1 & 2 of PMC are summarized in Table 6.5 below. Comparing the 
average vaporization enthalpy from both runs, (82.9±1.1) kJmol-1, with the reported 
literature value from Table 6.2B (85.3±1.8) kJmol-1 the difference is within the 
experimental uncertainty (2.4±2.9) kJmol-1, yet it has been observed that using n-alkanes 
to measure more polar compounds frequently underestimates values obtained by other 
experimentally direct methods. Here, the difference is within the uncertainty limits and 
relatively small. 
 
 
 
 
 
Table 6.5 A summary of the vaporization enthalpy and vapor pressure of PMC using n- 
alkanes as standards for runs 1 and 2 and runs 3 and 4; po = 101325 Pa; uncertainties 
represent one standard deviation 
 
g 
l Hm(298 K) 
kJmol-1(calc) 
 g l Hm(298 K) 
kJmol-1 
p/Pa (365.3 K) 
 
Run 1 Run 2 Average Lit [7] This work Lit [7] 
PMC 82.8±1.1 82.9±1.1 82.9±1.1 85.3±1.8 23±1 12.3±3.3 
 Run 3 Run 4     
PMC 83.0±1.4 82.7±1.7 82.9±1.6 85.3±1.8 21.8±3.4 12.3±3.3 
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The moderate agreement with experiment for values of PMC, along with the similarity in 
structure to (±) -tocopherol and the similarity in functionality to THC prompted similar 
experiments for both using n-alkane standards. A larger and completely different series of 
n-alkanes were used due to the size of these targets. To monitor the results, PMC was 
also included in these runs and the results were analyzed by using PMC as both a 
standard and an unknown. 
A summary of the results for run 3 are provided in Table 6.6 using the larger n-alkanes to 
evaluate both PMC and (±) -tocopherol. Results for the same run where PMC is used as 
a standard are shown in Table 6.7. A summary of typical results utilizing a mix of 
alkanes, some of which are common to both runs 1 & 2 and runs 3 & 4 are shown for 
THC in Table 6.8. All results are summarized in Table 6.9. For complete details on all 
runs (1-8) see Appendix V (AV-1 to AV-6). 
 
 
 
 
 
Table 6.6 Enthalpies of transfer and vaporization enthalpies used to evaluate vaporization 
enthalpies of PMC and (±) -tocopherol (po/Pa =101325), uncertainities are one standard 
deviation 
 
Run 3 - slope 
 
T/K 
intercept Htrn(533 K) 
 
kJmol-1 
g 
l Hm(298 K) 
 
kJmol-1 (lit) 
g 
l Hm(298 K) 
 
kJmol-1(calc) 
PMCa 5951.0±28 11.557±0.052 49.47±0.23  83.0±1.4 
Tetracosane 8688.8±29 15.191±0.055 72.24±0.24 121.9±2.8 121.8±1.6 
Octacosane 10133.2±32 16.875±0.060 84.24±0.27 141.9±4.9 142.2±1.7 
Triacontane 10845.3±31 17.708±0.058 90.16±0.26 152.3±0.6 152.3±1.8 
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(±) -Tocopherol 10566.6±42 16.938±0.078 87.85±0.35  148.3±1.8 
Dotriacontane 11557.6±36 18.544±0.068 96.09±0.30 162.5±0.7 162.4±1.9 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.700.014)Htrn(533 K) - (1.231.25) r
2 = 0.9999 (E-6.8) 
 
 
 
 
 
 
 
 
Table 6.7 Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate 
Vaporization Enthalpies of (± -Tocopherol (po/Pa =101325)a 
 
Run 3 - slope 
 
T/K 
intercept Htrn(533 K) 
 
kJmol-1 
g 
l Hm(298 K) 
 
kJmol-1 (lit) 
lgHm(298 K) 
kJmol-1(calc) 
PMCa 5951.0±28 11.557±0.052 49.47±0.23 85.3±1.8a 84.9±1.5 
Tetracosane 8688.8±29 15.191±0.055 72.24±0.24 121.9±2.8 122.5±1.8 
Octacosane 10133.2±32 16.875±0.060 84.24±0.27 141.9±4.9 142.4±1.9 
Triacontane 10845.3±31 17.708±0.058 90.16±0.26 152.3±0.6 152.2±2.0 
(±) -Tocopherol 10566.6±42 16.938±0.078 87.85±0.35 
 
148.3±2.0 
Dotriacontane 11557.6±36 18.544±0.068 96.09±0.30 162.5±0.7 162.0±2.1 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.6540.016)Htrn(533 K) + (3.071.3) r
2 = 0.9999 (E-6.9) 
a) Ref [9] 
 
 
 
 
 
Table 6.8 Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate 
Vaporization Enthalpies of PMC and THC; (po/Pa =101325)a 
 
Run 5 - slope intercept Htrn(503 K) 
g 
l Hm(298 K) 
g 
l Hm(298 K) 
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 T/K  kJmol-1 kJmol-1 (lit) kJmol-1(calc) 
PMC -6123.616 11.910.032 50.910.13  84.00.3 
Eicosane -7457.822 13.9710.044 62.000.18 101.81±2.0 101.80.3 
Heneicosane -7834.024 14.4120.047 65.130.20 106.8±2.2 106.80.3 
Docosane -8214.627 14.8640.053 68.290.22 111.92.7 111.90.3 
Tetracosane -8958.926 15.740.051 74.480.22 121.9±2.8 121.803 
THC -8642.523 14.8880.059 71.850.25 
 
117.60.3 
Pentacosane -9331.130 16.180.059 77.580.25 126.8±2.9 126.80.3 
Hexacosane -9704.224 16.6250.047 80.680.20 131.73.2 131.80.3 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.600.003)Htrn(503 K) + 2.400.22) r
2 = 0.9999 (E-6.10) 
 
a) Ref [9] 
 
 
 
 
 
 
Table 6.9 Enthalpies of vaporization evaluated in runs 3-6; kJmol-1; po = 101325 Pa; 
uncertainties represent one standard deviation 
 
 Run 3 Run 4 Run 5 Run 6 Average 
PMC a 83.01.4 82.71.7 84.00.3 84.10.4 83.51.0 
PMC b 84.91.5 84.81.7 84.81.2 84.81.1 84.71.4 
Tocopherol a 148.31.8 148.3±1.8 
  
148.21.8 
Tocopherol b 148.32.0 148.12.1 
  
148.22.1 
THC a 
  
117.60.3 117.70.4 117.70.4 
THC b 
  
117.71.2 117.71.4 117.70.9 
a Value obtained using PMC as a target 
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l m 
b Value obtained using PMC,  gH (298 K) = 85.3±1.8, as a standard. 
 
 
 
 
 
6.3.2 Vapor Pressures 
 
In a comparison of vapor pressure values for PMC from the literature, p(365.3 K) = (23±1) 
Pa with an extrapolated experimental value of p/Pa = (12.3±3.3) measured by Knudsen 
effusion 9, the values differ within a factor of two. Using similar correlations for PMC as 
those described above at T = 365.3 K in runs 1 & 2 (Table 6.4), correlations of the 
standards between ln(p/po) and ln(to/ta) were executed for the evaluation of PMC, () - 
tocopherol and THC. These correlations were done at T = (298.15, 365.3) K and at T = 
(310 – 500) K in 10 K increments. Since the liquid vapor pressure of PMC is only 
available in the literature at a single temperature, all three molecules were treated as 
unknown targets in combined results for the duplicate runs. A similar summary to Table 
6.4 is provided for vapor pressure data of runs 3 & 4 and 5 & 6 in Table 6.10. 
 
 
 
 
 
 
Table 6.10 Evaluation of the vapor pressure of PMC, THC and (±) -Tocopherol . 
Correlation of ln(to/ta) of the standards of runs 1 & 2, 3 & 4, and 5 & 6 with their 
corresponding ln (p/po) values at T = 298.15 K; po = 101325 Pa; uncertainties represent 
one standard deviation 
 
 
 
Runs 1 & 2 
ln(to/ta)avg ln(p/po)exp  
ln(p/po)calc 
104(p298.15 K)Pa 
this work 
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hexadecane -8.15 -13.18 -13.18±0.10 1900±200 
heptadecane -9.00 -14.31 -14.30±0.10 620±60 
PMC -8.98  -14.27±0.10 640±70 
nonadecane -10.74 -16.55 -16.59±0.11 63±7 
eicosane -11.58 -17.70 -17.70±0.12 21±2 
heneicosane -12.43 -18.84 -18.81±0.12 6.8±0.8 
 
 
Runs 3 & 4 
ln(to/ta)avg ln(p/po)exp  
ln(p/po)calc 
104p298.15 K)/Pa 
this work 
PMC -8.41  -14.28±0.12 600±180 
Tetracosane -13.95 -22.17 -22.11±0.14 0.25±0.9 
Octacosane -17.10 -26.49 -26.56±0.15 0.003±0.001 
Triacontane -18.65 -28.75 -28.75±0.16 0.00033±0.00013 
(±) -Tocopherol -18.47 
 
-28.50±0.16 0.00043±0.00017 
Dotriacontane -20.19 -30.96 -30.93±0.17 0.000038±000017 
 ln(to/ta)avg ln(p/po)exp  104(p298.15 K)/Pa 
Runs 5 & 6   ln(p/po)calc this work 
Eicosane -11.01 -17.70 -17.72±0.10 20±2.1 
Heneicosane -11.82 -18.84 -18.83±0.10 6.7±0.7 
Docosane -12.64 -19.97 -19.94±0.11 2.2±0.2 
Tetracosane -14.26 -22.17 -22.15±0.11 0.24±0.03 
THC -14.10  -21.93±0.11 0.30±0.03 
Pentacosane -15.07 -23.24 -23.25±0.12 0.081±.0.01 
Hexacosane -15.86 -24.31 -24.33±0.12 0.028±0.003 
 
 
Runs 1 & 2:  ln(p/po) = (1.32±0.007) ln(to/ta) - (2.43±0.08); r2 = 0.9999 (E-6.11) 
Runs 3 & 4:  ln(p/po) = (1.41±0.015) ln(to/ta) - (2.51±0.27); r2 = 0.9998 (E-6.12) 
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Runs 5 & 6:  ln(p/po) = (1.36±0.006) ln(to/ta) - (2.73±0.08); r2 = 0.9999 (E-6.13) 
 
 
 
Individual vapor pressures were fit to E-6.1 and coefficients generated are shown in 
Table 6.11 below with the estimated normal boiling point temperature values. 
 
 
 
 
 
 
Table 6.11 Constants of equation E-6.1 and estimated normal boiling temperatures (BT); 
 
po = 101325 Pa; uncertainties are one standard deviation 
 
 
 
A 
 
B(K) 
 
C(K2) 
BT/K 
 
This work Lit 
 
 
PMC (Run 1, 2) 8.296±0.116 -3240.77±89.3 -1041528 ±16900 599.9 NAa 
PMC (Run 3, 4) 8.349±0.112 -3280.54±86.3 -1035537±16319 599.7 NAa 
PMC (Run 5, 6) 8.540±0.10 -3369.55±80.9 -1041309±15294 598.3 NAa 
(±)--Tocopherol 11.103±0.214 -5346.79±165 -1930308±31159 722.2 751.9b 
THC 9.840±0.165 -4397.21±127 -1515922±24005 675 680.4c 
a Not available. 
b Reference [17] 
c Estimate, reference [6]. 
 
 
 
 
 
6.4 Discussion and Conclusions 
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Results evaluated for 2,2,5,7,8-pentamethylchroman-6-ol (PMC) generate a difference of 
about 2 kJmol-1 where the literature value is higher. Although these values are in good 
agreement with Previous work involving the correlation of vaporization enthalpies with 
enthalpies of transfer of a mixture of a series of n-alkanes and homologous dialkyl 
phthalates with known vaporization enthalpies resulted in two separate linear 
relationships when each series was plotted separately. Two lines with different slopes 
were obtained which intersected 16. Prelimanary work with a mixture of a series of 
phenolic ethers and n-alkanes have shown different slopes and intercepts when 
trnHm(Tm) was correlated with  gHm(298.15 K) and each series is plotted separately. It is 
quite possible that the results obtained for PMC using n-alkanes are the results of a 
similar fortuitous coincidence with the vaporization enthalpy of PMC residing close to 
the intersection of two linear relationships, a series and n-alkanes and a series of large 
hypothetical phenolic ethers as shown in Figure 6.3. Should this condition hold, then the 
vaporization enthalpies of both THC and (±)--Tocopherol are likely to be somewhat 
smaller and the vapor pressures somewhat larger that the values obtained in this work. 
This conclusion is based on the relative slopes of the line evaluated for both phenolic 
ethers and hydrocarbons. 
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Figure 6.3 Phenols (circles) having a decreased slope compared to n-alkanes (squares) 
with PMC as a common point on both lines 
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Some estimated and experimental data is available for (−)-trans-Δ9-tetrahydrocannabinol 
(THC) that can be used for comparisons with these results. This work has an evaluated 
value of p/Pa = (30±3)10-6 at T = 298.15 K which compares to an estimated value of 
p/Pa = (6.110-6) 17 and (15110-6) 18. A boiling temperature of Tb = 675 K at po =101325 
Pa generated in this work compares to an estimated value of Tb = 680 K 18. 
For (±) -tocopherol, a vapor pressure of p = 1.810-6 Pa at T = 298.15 K 18 has been 
estimated that compares to the value of p = 4.310-8 Pa evaluated in this work. Boiling 
temperatures have been reported as Tb = (463 K) 19 at p = 13.3 Pa. At this same pressure, 
this work predicts a boiling temperature of Tb = 470.9 K. 
In conclusion, n-alkanes serve as sufficient standards in thermochemical evaluations 
using C-GC with functionally diverse targets. It is important to acknowledge though, that 
g 
-1
 
 l
 H
m
 J 
m
ol
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these data generated with n-alkanes may provide the upper and lower limits of the 
intended property being measured. Without reliable data for large, functionally varied 
compounds, the n-alkanes remain an important and useful set of standards for the 
approximation of vaporization enthalpy and vapor pressure of complex molecules. The 
investigation into surrogate standards such as dialkyl phthalates for the evaluation of 
THC is under way in order to further narrow the gap between its true thermodynamic 
property values and the extended limits of that measurement. 
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Appendix I 
 
 
Table AI-1A 
Retention times for run 1 on a 30 m DB-5 column 
Run 1 412.9 417.8 422.9 427.9 432.9 437.8 442.8 
to = 60 s    t/to    
CH2Cl2 3.089 3.107 3.125 3.141 3.158 3.175 3.188 
1-Octanol 4.545 4.370 4.226 4.106 4.006 3.924 3.854 
1-Decanol 7.503 6.842 6.301 5.857 5.494 5.192 4.944 
1-Adamantanol 8.116 7.430 6.864 6.387 5.989 5.657 5.375 
1-Undecanol 10.669 9.438 8.442 7.632 6.975 6.434 5.993 
1-Dodecanol 16.017 13.763 11.961 10.509 9.343 8.398 7.631 
 
 
 
Table AI-1B 
Correlation of Htrn(428 K) with  gH 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
Run 1 - slope 
T/K 
intercept Htrn(428 K) 
kJmol-1 
 gHm(298 K) l 
kJmol-1 (lit) 
 gHm(298 K) l 
kJmol-1(calc) 
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1-Octanol 4778.521 11.2030.049 39.730.17 71.00.1 71.32.8 
1-Decanol 5633.924 12.1660.056 46.840.20 81.50.1 80.93.0 
1-Adamantanol 5083.819 10.7030.045 42.260.16  74.72.9 
1-Undecanol 6074.825 12.6940.059 50.50.21 85.81.5 85.93.1 
1-Dodecanol 6527.726 13.2570.061 54.270.22 90.81.1 91.03.2 
 
g -1 
l Hm(298.15 K)/kJmol = (1.3570.034)Htrn(428 K) + (17.342.15) r
2 = 0.9978 (AI-E1) 
 
 
 
Table AI-2A 
Retention times for run 2 on a 30 m DB-5 column 
Run 2 422.9 427.9 432.9 437.9 442.8 447.8 442.8 
to = 60 s    t/to    
CH2Cl2 3.098 3.120 3.138 3.157 3.176 3.188 3.210 
1-Octanol 4.557 4.388 4.242 4.124 4.026 3.942 3.878 
1-Decanol 7.521 6.867 6.325 5.883 5.518 5.217 4.971 
1-Adamantanol 8.141 7.459 6.890 6.416 6.018 5.682 5.406 
1-Undecanol 10.689 9.469 8.473 7.662 7.001 6.464 6.019 
1-Dodecanol 16.047 13.805 12.001 10.548 9.377 8.435 7.668 
 
 
 
 
 
 
 
Table AI-2B 
Correlation of Htrn(438 K) with  gH 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
Run 2 - slope 
T/K 
intercept Htrn(438 K) 
kJmol-1 
 gHm(298 K) l 
kJmol-1 (lit) 
 gHm(298 K) l 
kJmol-1(calc) 
1-Octanol 4766.221 11.1700.050 39.620.18 71.00.1 71.32.7 
1-Decanol 5626.321 12.1440.048 46.770.17 81.50.1 80.92.9 
1-Adamantanol 5079.616 10.6890.038 42.230.13  74.82.8 
1-Undecanol 6071.719 12.6830.046 50.480.16 85.81.5 85.93.0 
1-Dodecanol 6517.623 13.2290.054 54.180.19 90.81.1 91.03.1 
 
g -1 
l Hm(298.15 K)/kJmol = (1.350.04)Htrn(438 K) + (17.592.08) r
2 = 0.9980 (AI-E2) 
 
 
Table AI-3A 
Retention times for run 3 on a 12 m HP-1 column 
Run 3 412.9 417.8 422.9 427.9 432.9 437.8 442.8 
to = 60 s    t/to    
CH2Cl2 0.816 0.819 0.823 0.828 0.831 0.834 0.835 
1-Adamantanol 2.178 2.010 1.872 1.751 1.649 1.559 1.483 
Z-Nerolidol 5.506 4.739 4.127 3.622 3.206 2.861 2.577 
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l
l
E-Nerolidol 6.202 5.304 4.592 4.005 3.524 3.125 2.798 
Cedrol 7.446 6.403 5.572 4.876 4.300 3.815 3.413 
1-Tetradecanol 9.899 8.252 6.966 5.931 5.090 4.406 3.851 
1-Pentadecanol 15.496 12.664 10.501 8.779 7.392 6.272 5.377 
1-Hexadecanol 24.328 19.549 15.949 13.119 10.862 9.058 7.633 
 
 
 
Table AI-3B 
Correlation of Htrn(428 K) with  gH 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
Run 3 - slope 
T/K 
intercept Htrn(428 K) 
kJmol-1 
 gHm(298 K) l 
kJmol-1 (lit) 
 gHm(298 K) l 
kJmol-1(calc) 
1-Adamantanol 4765.913 10.9640.029 39.620.11 74.82.9 74.81.3 
Z-Nerolidol 6349.418 13.4730.041 52.790.15  91.41.5 
E-Nerolidol 6469.318 13.6180.042 53.780.15  92.71.5 
Cedrol 6050.316 12.4190.036 50.300.13  88.31.4 
1-Tetradecanol 7060.322 14.4940.051 58.700.18 98.92.5 98.91.5 
1-Pentadecanol 7537.723 15.1430.053 62.670.19 103.51.4 103.91.6 
  1-Hexadecanol 7940.926 15.6270.060 66.020.22 108.55.4 108.21.6  
 
g -1 
l Hm(298.15 K)/kJmol = (1.2650.019)Htrn(428 K) + (24.61.1) r
2 = 0.9996 (AI-E3) 
 
 
 
 
Table AI-4A 
Retention times for run 4 on a 12 m HP-1 column 
Run 4 422.8 427.9 432.9 437.8 442.8 447.8 452.8 
to = 60 s    t/to    
CH2Cl2 0.814 0.820 0.821 0.826 0.828 0.833 0.835 
1-Adamantanol 2.177 2.012 1.866 1.749 1.645 1.559 1.481 
Z-Nerolidol 5.514 4.747 4.122 3.618 3.201 2.86 2.575 
E-Nerolidol 6.210 5.314 4.586 4.000 3.517 3.124 2.795 
Cedrol 6.634 5.596 4.741 4.043 3.460 2.978 2.574 
1-Tetradecanol 9.921 8.275 6.962 5.924 5.081 4.404 3.851 
1-Pentadecanol 15.533 12.734 10.517 8.777 7.375 6.274 5.377 
1-Hexadecanol 24.376 19.666 15.981 13.116 10.837 9.060 7.633 
 
 
 
 
Table AI-4B 
Correlation of Htrn(428 K) with  gH 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
Run 4 - slope 
T/K 
intercept Htrn(438 K) 
kJmol-1 
 gHm(298 K) l 
kJmol-1 (lit) 
 gHm(298 K) l 
kJmol-1(calc) 
1-Adamantanol 4772.212 10.9800.028 39.670.10 74.82.9 74.81.5 
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3
Z-Nerolidol 6353.921 13.4840.048 52.820.17  91.41.7 
E-Nerolidol 6473.622 13.6290.049 53.820.18  92.61.7 
Cedrol 6054.719 12.4310.043 50.340.16  88.21.6 
1-Tetradecanol 7066.628 14.5090.063 58.750.23 98.92.5 98.81.8 
1-Pentadecanol 7558.924 15.1910.055 62.840.20 103.51.4 104.01.8 
  1-Hexadecanol 7953.229 15.6550.066 66.120.24 108.55.4 108.11.9  
 
g -1 
l Hm(298.15 K)/kJmol = (1.260.021)Htrn(438 K) + (24.711.2) r
2 = 0.9994 (AI-E4) 
 
 
 
 
 
Table AI-5 
Coefficients of equation: 
 
T/K.log10(p/po) = ao/2 + a E (x) 
 
(AI-E5) 
s s 
s1 
where po = 1 kPa  and Es(x) is the Chebyshev polynomial in x of degree s where: 
Es(x) = a1.(x) + a2.(2x2-1) + a3.(4x2-3x) and  x =[2T/K- (Tmax + Tmin)]/(Tmax- Tmin).a 
 
 Tmin/K Tmax/K ao a1 a2 a3 
1-Tetradecanol a 428 652 1801.32 877.22 -22.81 7.47 
a Reference [AI-R3]. 
Table AI-6 
Vapor pressures used to evaluate the constants of the second order polynomial for 1- 
tetradecanol 
 
Reference [AI-R1] Reference [AI-R2] Reference [AI-R3] 
T/K p/Pa T/K p/Pa T/K p/Pa 
312.3 0.107 333.19 1.191 448.19 2465.4148 
315.3 0.147 333.19 1.195 458.19 3751.4305 
318.3 0.207 343.17 3.153 468.19 5558.1817 
321.4 0.312 353.12 7.533 478.19 8036.932 
323.4 0.391 353.12 7.519 488.19 11365.303 
328.3 0.63 363.12 16.85 498.19 15748.643 
331.4 0.863 363.12 16.71   
334.4 1.194 373.19 36.19   
334.5 1.215 373.19 36.33   
337.5 1.577 383.05 72.04   
340.5 2.12 383.05 71.9   
343.6 2.864 393.08 139   
346.6 3.725 403.11 256   
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413.1 453 
413.1 452 
423.17 768 
423.17 765 
433.17 1255 
433.17 1253 
438.19 1592 
438.19 1585 
 
1-Tetradecanol: ln(p/po) = 6.6160.40 -(609.7309)/T - (18008.9590).102/T2 
 
 
 
 
Table IA-7 
Calculated liquid vapor pressures from T = (298.15 to 500 ) K; po =101325 Paa 
 
T/K 1-Adamantanol b,c Cedrol Z-Nerolidol E-Nerolidol 
 run 1& 2 runs 3 & 4 runs 3 & 4d runs 3 & 4d runs 3 & 4d 
  p/Pa    
298.15 1.9±0.04 2.0±0.3 0.07±0.01 0.075±0.02 0.06±0.01 
310 6.2±0.1 6.4±0.9 0.29±0.05 0.32±0.05 0.24±0.04 
320 15±0.7 16±2.1 0.84±0.13 1.0±0.15 0.74±0.12 
330 35±2 36±5 2.2±0.35 2.6±0.4 2.1±0.32 
340 74±4.6 76±10 5.5±0.9 6.7±0.8 5.3±0.8 
350 150±9.1 150±20 13±2.0 16±2.5 13±2.0 
360 280±16 290±38 27±4.2 34±5.3 28±4.4 
370 510±26 520±65 54±8.1 71±10 58±9 
380 880±36 890±100 100±15 140±19 115±16 
390 1500±46 1500±160 190±24 260±32 220±28 
400 2300±51 2400±220 330±38 460±51 390±44 
410 3600±45 3700±290 550±55 790±75 670±65 
420 5400±26 5500±360 890±75 1300±100 1100±90 
430 7900±36 8000±430 1400±95 2100±130 1800±120 
440 11000±100 11000±480 2100±110 3300±160 2800±140 
450 16000±180 16000±520 3100±120 4900±170 4300±150 
460 22000±270 22000±550 4500±120 7200±170 6300±150 
470 29000±410 29000±590 6300±110 10000±160 9100±140 
480 38000±770 38000±670 8700±90 15000±160 13000±140 
490 49000±1600 49000±870 12000±100 20000±220 18000±180 
500 62000±3100 63000±1500 16000±180 27000±430 24000±360 
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a Uncertainties refer to one standard deviation evaluated from the uncertainty in the slope 
and intercept of the line obtained from each correlation of ln(to/ta)avg and ln(p/po) at each 
temperature for combined runs 1 and 2 and runs 3 and 4. 
b Treated as an unknown in runs 1 and 2. 
c Treated as a standard in runs 3 & 4. 
d Treated as an unknown in Runs 3 & 4. 
 
 
 
Uncertainties in normal boiling temperatures. 
 
 
Normal boiling temperatures reported in the tables below were evaluated using equation S6 
by setting ln(p/po) equal to zero and solving for T. Uncertainties in boiling temperature were 
evaluated using equation S7. The derivatives in equation S7 were solved using Mathcad [AI- 
R4]. 
 
ln(p/po) =  A  +  B.(T/K) –1 +  C.(T/K) –2  where po = 101325 Pa (AI-E6) 
 
[(T )]2 = ( )2  2 
 
  
   )2  2  
  
   )2     2 (AI-E7) 
 
  
B ( )       ( ( )       ( ( ) 
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Figure AI-1. The gas chromatograph of - and -cedrene and (+)-cedrol at T = 413.2 K 
at an injector temperature of T = 523 K. Solvent (CH2Cl2) not shown; retention times: - 
and -cedrene, (+)-cedrol: t = (5.032, 5.168, and 10.237)*60 s, respectively. Adjusted 
retention times: ta = (4.230, 4.366 and 9.435)*60 s, respectively. 
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Figure AI-2. The gas chromatograph of  and -cedrene at a column temperature of T = 
413.0 K and injector temperature of T = 523 K. Solvent (CH2Cl2) not shown; retention 
times: - and - cedrene, t = (5.018 and 5.134)*60 s, respectively; adjusted retention 
times: ta = (4.225 and 4.341)*60 s, respectively. 
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Appendix II 
 
 
Table AII-1A 
Retention times for run 1; the chromatogram was obtained on a 15 m HP-1 column 
 
Run 1 T/K = 377.8 382.9 387.9 392.9 397.9 402.9 407.9 
    t/60s    
CH2Cl2 0.777 0.78 0.781 0.782 0.787 0.788 0.793 
Decane 2.090 1.893 1.731 1.597 1.491 1.397 1.324 
Adamantane 3.089 2.753 2.476 2.246 2.057 1.894 1.762 
1,3-Dimethyladamantane 3.613 3.187 2.838 2.549 2.312 2.11 1.945 
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l
l m l m
l m trn 
l
Dodecane 5.42 4.592 3.937 3.412 2.99 2.644 2.367 
1,4-Di-t-butylbenzene 8.745 7.285 6.14 5.224 4.486 3.89 3.409 
Tetradecane 16.696 13.405 10.916 8.976 7.452 6.246 5.299 
Diamantane 24.287 19.852 16.41 13.69 11.476 9.697 8.276 
Pentadecane 30.105 23.673 18.889 15.173 12.299 10.082 8.374 
 
 
 
 
Table AII-1B 
Correlation of Htrn(Tm) with  gHm(298 K) of the standards; 1,3-dimethyladamantane and 
1,4-di-t-butylbenzene treated as unknowns; uncertainties represent one standard deviation; 
po = 101325 Pa 
 
 
Run 1A - slope intercept Htrn(428 K)  gH (298 K)  gH (298 K)/kJmol-1 
 
 T/K kJmol-1 kJmol-1 (lit) (calc) (lit) 
Decane 4640.5±13 12.014±0.03 38.580±0.11 51.420.26 51.5±0.5  
Adamantane 4457.2±11 10.963±0.03 37.056±0.09  49.5±0.5  
1,3- 
Dimethyladamantane 
 
4616.4±10 11.180±0.03 
 
38.380±0.08 
  
51.2±0.5 
49.37±0.33
Dodecane 5542.1±14 13.138±0.04 46.075±0.12 61.520.31 61.4±0.6  
1,4-Di-t-butylbenzene 5705.9±13 13.031±0.03 47.436±0.11  63.3±0.6 62.98±0.1 
Tetradecane 6464.1±19 14.348±0.05 53.740±0.16 71.730.36 71.6±0.6  
Diamantane 5863.6±12 12.367±0.03 48.747±0.10  65.0±0.6  
Pentadecane 6938.1±22 14.992±0.06 57.681±0.18 76.770.38 76.9±0.6  
 
 
 gH  (298.15 K)/kJmol-1 = (1.3290.008)H  (393 K) - (0.200.41) r2 = 0.9999 (AII-E1) 
 
 
 
 
 
Table AII-1C 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
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 - slope 
 
T/K 
intercept Htrn(428 K) 
 
kJmol-1 
g 
l Hm(298 K) 
 
kJmol-1 (lit) 
g 
l Hm(298 K) 
 
kJmol-1(calc) Run 1B  
Decane 4640.5±13 12.014±0.03 38.580±0.11 51.420.26 50.8±2.6 
Adamantane 4457.2±11 10.963±0.03 37.056±0.09  48.7±2.5 
1,3- 
Dimethyladamantane 
 
4616.4±10 
 
11.180±0.03 
 
38.380±0.08 
 
49.370.33 
 
50.5±2.6 
Dodecane 5542.1±14 13.138±0.04 46.075±0.12 61.520.31 61.1±2.8 
1,4-Di-t-butylbenzene 5705.9±13 13.031±0.03 47.436±0.11 62.980.14 62.9±2.8 
Tetradecane 6464.1±19 14.348±0.05 53.740±0.16 71.730.36 71.6±3.0 
Diamantane 5863.6±12 12.367±0.03 48.747±0.10  64.8±2.9 
Pentadecane 6938.1±22 14.992±0.06 57.681±0.18 76.770.38 77.0±3.1 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.380.04)Htrn(393 K) - (2.321.99) 
 
r2 = 0.9972 
 
(AII-E2) 
 
 
 
 
 
 
 
 
Table AII-2A 
Retention times for run 2; the retention times were measured on a 15 m HP-1 column 
 
Run 2 T/K= 377.8 382.9 387.9 392.9 398 403 408 
    t/60s    
CH2Cl2 0.780 0.773 0.784 0.780 0.794 0.795 0.801 
Decane 2.095 1.893 1.738 1.603 1.501 1.408 1.334 
Adamantane 3.097 2.760 2.487 2.259 2.073 1.910 1.776 
1,3-Dimethyladamantane 3.621 3.190 2.850 2.562 2.329 2.127 1.960 
Dodecane 5.430 4.596 3.953 3.430 3.012 2.667 2.385 
1,4-Di-t-butylbenzene 8.760 7.314 6.168 5.264 4.527 3.933 3.442 
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l
Tetradecane 16.687 13.421 10.958 9.026 7.503 6.298 5.336 
Diamantane 24.281 19.943 16.489 13.784 11.564 9.796 8.342 
Pentadecane 30.072 23.754 18.949 15.297 12.420 10.205 8.458 
 
 
 
 
Table AII-2B 
Correlation of Htrn(Tm) with  gHm(298 K) of the standards; 1,3-dimethyladamantane and 
1,4-di-t-butylbenzene treated as unknowns; uncertainties represent one standard deviation; po 
= 101325 Pa 
 
Run 2A - slope 
 
T/K 
intercept Htrn(393 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
lgHm(298 K) 
kJmol-1(calc) 
Decane 4607.010 11.9220.03 38.300.08 51.420.26 51.50.3 
Adamantane 4419.810 10.8600.03 36.740.09   49.40.3 
1,3-Dimethyladamantane 4571.97 11.0600.02 38.010.06   51.10.3 
Dodecane 5488.711 12.9950.03 45.630.09 61.520.31 61.40.3 
1,4-di-t-butylbenzene 5638.312 12.8510.03 46.880.10   63.10.3 
Tetradecane 6396.814 14.1710.04 53.180.12 71.730.36 71.70.4 
Diamantane 5798.79 12.1940.02 48.210.07   64.90.3 
Pentadecane 6847.216 14.7520.04 56.930.13 76.770.38 76.80.4 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.360.004)Htrn(393 K) - (0.6450.24) 
 
r2 = 0.9999 
 
(AII-E3) 
 
 
 
 
Table AII-2C 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 2B - slope intercept Htrn(393 K) 
g 
l Hm(298 K) 
g 
l Hm(298 K) 
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 T/K  kJmol-1 kJmol-1 (lit) kJmol-1(calc) 
Decane 4607.010 11.9220.03 38.300.08  51.420.26 50.82.3 
Adamantane 4419.810 10.8600.03 36.740.09   48.62.2 
1,3-Dimethyladamantane 4571.97 11.0600.02 38.010.06  49.370.33 50.32.3 
Dodecane 5488.711 12.9950.03 45.630.09  61.520.31 61.12.5 
1,4-di-t-butylbenzene 5638.312 12.8510.03 46.880.10  62.980.14 62.82.5 
Tetradecane 6396.814 14.1710.04 53.180.12  71.730.36 71.72.7 
Diamantane 5798.79 12.1940.02 48.210.07   64.72.5 
Pentadecane 6847.216 14.7520.04 56.930.13  76.770.38 77.02.8 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.410.038)Htrn(393 K) - (3.231.76) 
 
r2 = 0.9972 
 
(AII-E4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table AII-3A 
Retention times for run 3; the retention times were measured on a 30 m DB-5 MS column 
 
Run 3 T/K = 406.1 411.2 416.2 421.3 426.2 431.3 436.3 
    t/60s    
Dichloromethane 3.997 4.012 4.089 4.035 4.088 4.097 4.107 
-(+)-Pinene 5.079 4.964 4.958 4.782 4.755 4.690 4.632 
Camphene 5.234 5.101 5.079 4.889 4.851 4.777 4.708 
Adamantane 6.971 6.600 6.414 6.029 5.847 5.653 5.483 
1,3-Dimethyladamantan 7.492 7.035 6.795 6.341 6.112 5.881 5.678 
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l
1,4-Di-t-butylbenzene 12.364 11.023 10.154 9.064 8.374 7.769 7.260 
Diamantane 31.71 27.072 23.893 20.368 17.915 15.859 14.146 
 
 
 
 
Table AII-3B 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 3 - slope 
 
T/K 
intercept Htrn(421 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
-(+)-Pinene 4252.587 10.3840.21 35.350.73 44.60.2 44.53.3 
Camphene 4236.476 10.2120.18 35.220.64 44.780.3 44.33.3 
Adamantane 4540.465 10.0860.15 37.750.54  48.03.4 
1,3-Dimethyladamantane 4710.968 10.3450.16 39.160.56 49.370.33 50.13.5 
1,4-Di-t-butylbenzene 5748.859 12.0290.14 47.790.49 62.980.14 62.73.9 
Diamantane 5979.757 11.4000.14 49.710.46  65.64.0 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.460.062)Htrn(421 K) - (7.232.47) 
 
r2 = 0.9964 
 
(AII-E5) 
 
 
Table AII-4A 
Retention times for run 4; the chromatogram was obtained on a 30 m DB-5 MS column 
 
Run 4 T/K = 406.3 411.4 416.5 421.5 426.5 431.5 436.5 
    t/60s    
CH2Cl2 4.000 4.026 4.048 4.069 4.114 3.615 4.150 
-(+)-Pinene 5.093 4.994 4.900 4.825 4.791 4.218 4.691 
Camphene 5.250 5.132 5.022 4.934 4.888 4.304 4.769 
Adamantane 7.001 6.648 6.344 6.083 5.893 5.188 5.549 
149  
l
1,3-Dimethyladamantane 7.526 7.091 6.717 6.397 6.161 5.416 5.745 
1,4-Di-t-butylbenzene 12.433 11.129 10.031 9.138 8.439 7.317 7.338 
Diadamantane 31.92 27.362 23.575 20.527 18.066 15.481 14.303 
 
 
 
 
Table AII-4B 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 4 - slope 
 
T/K 
intercept Htrn(421 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
lgHm(298 K) 
kJmol-1(calc) 
-(+)-Pinene 4142.615 10.1070.04 34.440.12 44.60.2 44.44.5 
Camphene 4140.613 9.9680.03 34.420.11 44.780.3 44.44.5 
Adamantane 4495.210 9.9650.02 38.860.08  48.44.7 
1,3-Dimethyladamantane 4674.411 10.2450.03 38.770.09 49.370.33 50.54.8 
1,4-Di-t-butylbenzene 5727.511 11.9650.03 47.500.09 62.980.14 62.65.4 
Diadamantane 5950.88 11.3180.02 49.360.06  65.25.5 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.380.086)Htrn(421 K) - (3.223.4) 
 
r2 = 0.9922 
 
(AII-E6) 
 
 
Table AII-5A 
Retention times for run 5; the retention times were measured on a 30 m DB-5 MS column 
 
Run 5 T/K= 405.6 410.6 415.6 420.6 425.6 430.6 435.6 
    t/60s    
CH2Cl2 3.982 3.615 4.014 4.050 4.084 4.116 4.137 
-(-)-Pinene 5.069 4.572 4.865 4.802 4.758 4.716 4.676 
Camphene 5.226 4.71 4.988 4.912 4.855 4.803 4.754 
150  
l
Adamantane 6.973 6.219 6.299 6.059 5.857 5.685 5.53 
1,3-Dimethyladamantane 7.497 6.658 6.671 6.374 6.125 5.913 5.725 
1,4-Di-t-butylbenzene 12.391 10.668 9.991 9.110 8.407 7.815 7.316 
Diadamantane 31.81 26.791 23.508 20.47 18.01 15.964 14.261 
 
 
 
 
Table AII-5B 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 5 - slope 
 
T/K 
intercept Htrn(420 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
lgHm(298 K) 
kJmol-1(calc) 
-(-)-Pinene 4136.415 10.120.035 34.390.12 44.60.2 44.44.5 
Camphene 4129.913 9.970.031 34.330.11 44.780.3 44.34.5 
Adamantane 4493.38.7 10.260.021 37.360.07  48.54.7 
1,3-Dimethyladamantane 4670.99.3 11.980.02 38.830.08 49.370.33 50.54.8 
1,4-Di-t-butylbenzene 5721.312 11.980.03 47.560.10 62.980.14 62.65.3 
Diadamantane 5946.912 11.340.03 49.440.10  65.25.5 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.3850.087)Htrn(420 K) - (3.263.4) 
 
r2 = 0.9922 
 
(AII-E7) 
 
 
Table AII-6A 
Retention times for run 6; the retention times were measured on a 30 m DB-5 MS column 
 
Run 6 T/K = 405.3 410.3 415.4 420.4 425.4 430.4 435.2 
    t/60s    
CH2Cl2 4.354 4.33 4.369 4.382 4.442 4.439 4.473 
-(-)-Pinene 5.454 5.304 5.23 5.153 5.128 5.047 5.021 
151  
l
Camphene 5.613 5.445 5.354 5.263 5.226 5.135 5.099 
Adamantane 7.392 6.985 6.689 6.427 6.246 6.031 5.889 
1,3-Dimethyladamantane 7.92 7.429 7.064 6.744 6.516 6.261 6.087 
1,4-Di-t-butylbenzene 12.849 11.477 10.399 9.501 8.809 8.183 7.699 
Diadamantane 32.458 27.791 24.057 20.985 18.518 16.435 14.737 
 
 
 
 
Table AII-6B 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 6 - slope 
 
T/K 
intercept Htrn(420 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
lgHm(298 K) 
kJmol-1(calc) 
-(-)-Pinene 4110.628 10.050.065 34.170.23 44.60.2 44.25.0 
Camphene 4119.926 9.9330.022 34.250.21 44.780.3 44.35.0 
Adamantane 4492.811 9.9750.026 37.350.09  48.65.2 
1,3-Dimethyladamantane 4668.39.4 10.250.022 38.810.08 49.370.33 50.65.3 
1,4-Di-t-butylbenzene 5701.17.5 11.930.018 47.400.06 62.980.14 62.55.9 
Diamantane 5925.410 11.290.024 49.260.09  65.16.1 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.3850.097)Htrn(420 K) - 
(0.9663.77) 
 
r2 = 0.9903 
 
(AII-E8) 
Table AII-7A 
Retention times for run 7; the retention times were measured on a 12 m HP-1 column 
 
Run 7 T/K = 413.0 418.0 423.1 427.9 433.0 438.0 442.9 
    t/60s    
CH2Cl2 0.803 0.807 0.81 0.813 0.82 0.822 0.828 
Dodecane 2.156 1.967 1.81 1.678 1.573 1.479 1.405 
152  
l
 
 
 
 
 
 
 
 
 
 
 
 
a Produced thermally on injection of cedrol; retention time of cedrol not used. 
 
 
 
Table AII-7B 
Correlation of Htrn(428 K) with  gH 
standard deviation; po = 101325 Pa 
 
 
m(298 K) of the standards; uncertainties are one 
 
Run 7 - slope 
 
T/K 
intercept Htrn(428 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l  Hm(298 K) 
kJmol-1(calc) 
Dodecane 5211.110 12.3180.023 43.320.083 61.520.3 61.60.9 
Tridecane 5639.111 12.8400.026 46.880.095 66.680.3 66.60.9 
Tetradecane 6072.714 13.380.032 50.490.11 71.730.4 71.70.9 
-Cedrene 5522.711 11.9340.027 45.910.094   65.20.9 
-Cedrene 5509.311 11.8690.026 45.800.091 
  
65.10.9 
Pentadecane 6506.916 13.9270.038 54.100.14 76.770.4 76.81.0 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.4140.013)Htrn(428 K) + (0.3110.44) 
 
r2 = 0.9999
 
(AII-E9) 
 
 
 
 
Table AII-8A 
Retention times for run 8; the retention times were measured on a 12 m HP-1 column 
 
Run 8 T/K = 413.0 418.0 423.0 428.0 433.1 438.0 443.0 
Tridecane 3.068 2.725 2.443 2.209 2.021 1.859 1.729 
Tetradecane 4.572 3.96 3.46 3.052 2.722 2.447 2.225 
-Cedrenea 5.029 4.401 3.879 3.447 3.09 2.789 2.542 
-Cedrenea 5.166 4.519 3.982 3.536 3.167 2.857 2.601 
Pentadecane 7.047 5.962 5.089 4.386 3.818 3.356 2.984 
-Cedrol 10.226 8.686 7.427 6.407 5.565 4.872 4.309 
153  
l
    t/60s    
CH2Cl2 0.802 0.807 0.812 0.69 0.822 0.827 0.832 
Dodecane 2.156 1.968 1.814 1.559 1.576 1.487 1.411 
Tridecane 3.069 2.727 2.447 2.091 2.025 1.871 1.736 
Tetradecane 4.575 3.962 3.467 2.936 2.73 2.465 2.233 
-Cedrenea 5.032 4.404 3.887 3.333 3.1 2.809 2.552 
-Cedrenea 5.168 4.522 3.988 3.42 3.176 2.875 2.609 
Pentadecane 7.052 5.966 5.097 4.273 3.829 3.379 2.993 
-Cedrol 10.237 8.690 7.439 6.294 5.577 4.899 4.317 
a Produced thermally on injection of -cedrol; retention time of cedrol not used. 
Retention Index: -copaene: 13.79 [AII-R1]; -amorphene: 1477 [AII-R1]; T = 413 K: 
-cedrene: 1423 (1418 [AII-R1]); -cedrene: 1429 (1424 [AII-R1]) 
 
 
 
Table AII-8B 
Correlation of Htrn(428 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
Run 8 - slope 
 
T/K 
intercept Htrn(428 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Dodecane 5172.115 12.2250.035 43.000.12 61.520.3 61.60.9 
Tridecane 5594.419 12.7330.044 46.510.16 66.680.3 66.60.9 
Tetradecane 6025.821 13.2680.048 50.10.172 71.730.4 71.70.9 
-Cedrene 5474.916 11.8190.037 45.520.13  65.20.9 
-Cedrene 5469.316 11.7730.037 45.470.13 
 
65.10.9 
Pentadecane 6462.522 13.8210.051 53.730.18 76.770.4 76.81.0 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.4200.013)Htrn(428 K) + 
(0.6370.56) 
 
r2 = 0.9999 
 
(AII-E10) 
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l
 
 
Table AII-9A 
Retention times for run 9; the retention times were measured on a 15 m SPB-5 column 
 
Run 9 T/K = 389.7 394.8 399.9 405.1 410.1 415.3 420.3 
    t/60s    
CH2Cl2 0.442 0.447 0.446 0.448 0.45 0.448 0.449 
Adamantane 2.064 1.844 1.653 1.498 1.366 1.252 1.156 
1,3-Dimethyladamantane 2.362 2.091 1.86 1.672 1.512 1.376 1.262 
1,4-Di-t-butylbenzene 5.725 4.807 4.065 3.474 2.991 2.597 2.275 
-Cedrenea 10.525 8.744 7.311 6.164 5.236 4.48 3.861 
-Cedrenea 10.954 9.097 7.602 6.411 5.442 4.652 4.007 
Diamantane 16.686 13.778 11.467 9.607 8.102 6.882 5.887 
a Synthesized independently from -cedrol 
 
 
 
Table S9B 
Correlation of Htrn(428 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
Run 9 - slope 
 
T/K 
intercept Htrn(405 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Adamantane 4438.713 10.9100.032 36.900.11 48.50.5 48.02.7 
1,3-Dimethyladamantane 4594.415 11.1410.036 38.200.12 49.370.33 49.92.8 
1,4-Di-t-butylbenzene 5678.318 12.9120.044 47.210.15 62.980.14 63.03.1 
-Cedrenea 5791.515 12.5550.036 48.150.12  64.33.1 
-Cedrenea 5789.615 12.5090.036 48.130.12  64.33.1 
Diamantane 5848.615 12.2250.037 48.620.12 65.10.6 65.03.1 
 
 
155  
l
g -1 
l Hm(298.15 K)/kJmol = (1.450.048)Htrn(405 K) - 
(5.542.1) 
r2 = 0.9978 (AII-E11) 
 
 
 
 
Table S10A 
Retention times for run 10; the retention times were measured on a 15 m SPB-5 column 
 
Run 10 T/K = 389.7 394.8 399.9 405.2 410.2 415.3 420.3 
    t/60s    
CH2Cl2 0.434 0.453 0.451 0.452 0.453 0.451 0.456 
Adamantane 2.069 1.862 1.67 1.511 1.377 1.259 1.167 
1,3-Dimethyladamantane 2.368 2.112 1.878 1.686 1.524 1.385 1.273 
1,4-Di-t-butylbenzene 5.758 4.854 4.104 3.504 3.016 2.614 2.295 
-Cedrenea 10.610 8.837 7.382 6.228 5.287 4.514 3.901 
-Cedrenea 11.036 9.181 7.665 6.465 5.484 4.684 4.043 
Diamantane 16.814 13.91 11.564 9.694 8.172 6.933 5.94 
a Synthesized independently from -cedrol 
 
 
 
 
 
 
 
 
 
 
 
Table AII-10B 
Correlation of Htrn(428 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
Run 10 - slope 
 
T/K 
intercept Htrn(405 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Adamantane 4449.412 10.9280.029 37.000.10 48.50.5 48.03.3 
156  
1,3-Dimethyladamantane 4602.911 11.1540.027 38.270.09 49.370.33 49.92.8 
1,4-Di-t-butylbenzene 5683.013 12.9140.032 47.250.11 62.980.14 63.03.1 
-Cedrenea 5790.414 12.5420.036 48.140.12  64.33.1 
-Cedrenea 5791.615 12.5040.038 48.150.13  64.33.1 
Diamantane 5847.715 12.2130.036 48.620.12 65.10.6 65.03.1 
 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.4600.048)Htrn(405 K) - (6.012.08) 
 
r2 = 0.9978 
 
(AII-E12) 
 
 
 
 
Table AII-11 
Vapor pressures of (+) -Pinene: 
ln(p/po) = 8.305 - 2550.72 (K/T) - 436382.28 (K/T)2; po = 101.325 Paa 
(AII-E13) 
 
p/kPa T/K p/kPa T/K p/kPa T/K p/kPa T/K 
 
0.41 
 
292.6 
 
3.39 
 
330.68 
 
8.9 
 
352.9 
 
30.13 
 
386.65 
0.46 294.45 4.22 335.43 10.86 357.86 31.79 388.22 
0.65 300.4 4.86 338.68 11.54 359.38 39.48 395.26 
0.79 302.87 5.12 339.69 12.51 361.57 42.96 398.17 
1.2 310.22 5.55 341.42 14.3 365.16 49.51 403.02 
2.01 320.07 6.07 343.6 16.16 368.42 58.68 408.87 
2.83 326.84 7.43 348.25 20.72 375.4 80.73 420.63 
2.88 327.33 7.7 349.19 23.43 379.05 100.6 428.92 
3.23 329.72 8.03 350.27 24.22 379.91 100.79 428.91 
3.31 330.24   27.44 383.68   
a Reference [AII-R2]. 
157  
Table AII-12 
 
Vapor pressure of camphene; ln(p/po) = 7.557 - 2114.29 (K/T) - 512264.73 (K/T)2; 
(AII-E14) 
po = 101.325 kPaa 
 
T/K p/kPa K/T ln(p/po) ln(p/po)calc 
309.70 1.007 0.003229 -4.6116 -4.611 
322.72 2.026 0.003099 -3.9125 -3.913 
331.06 3.053 0.003021 -3.5025 -3.503 
337.27 4.056 0.002965 -3.2184 -3.215 
342.04 5.043 0.002924 -3.0006 -3.003 
346.21 6.007 0.002888 -2.8257 -2.824 
350.07 7.068 0.002857 -2.663 -2.663 
353.23 8.029 0.002831 -2.5355 -2.534 
355.98 9.003 0.002809 -2.4210 -2.425 
358.83 10.074 0.002787 -2.3086 -2.314 
365.69 13.055 0.002735 -2.0494 -2.055 
369.58 15.064 0.002706 -1.9063 -1.914 
378.51 20.124 0.002642 -1.6167 -1.604 
384.98 25.003 0.002598 -1.3996 -1.391 
390.65 29.995 0.00256 -1.2176 -1.212 
399.95 40.039 0.0025 -0.9287 -0.932 
407.61 50.016 0.002453 -0.7062 -0.7133 
 
a Reference [AII-R3]. 
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Appendix III 
 
 
Table AIII-1A 
Retention times for run 1 ; chromatograms was obtained on a 15 m SPB-5 column 
Run 1 
 
CH2Cl2 
384.2 389.3 394.4 399.5 404.6 409.6 414.7 
   t/60s    
0.457 0.459 0.456 0.456 0.458 0.459 0.462 
(-) -Pinene 1.172 1.080 0.996 0.928 0.871 0.824 0.786 
159  
l
Adamantane 2.391 2.117 1.880 1.689 1.528 1.393 1.282 
1,3-dimethyladamantane 2.759 2.423 2.134 1.900 1.705 1.543 1.410 
1,3,5-Trimethyladamantane 2.895 2.535 2.225 1.974 1.767 1.594 1.452 
1,4-Di-t-butylbenzene 7.044 5.868 4.908 4.172 3.554 3.058 2.664 
E -Caryophyllene 13.547 11.136 9.19 7.666 6.438 5.453 4.672 
trans -Bergamotene 14.924 12.127 9.899 8.177 6.795 5.699 4.837 
-Humulene 14.924 12.127 9.899 8.177 6.795 5.699 4.837 
 
Diamantane 
20.854 17.103 14.076 11.79 9.855 8.311 7.078 
 
 
 
 
Table AIII-1B 
Correlation of Htrn(Tm) of bergamotene oil with  gHm(298 K) of the standards using 
oligocyclic compounds 
 
Run 1 
 
- slope a 
T/K 
 
intercept a 
Htrn(400 
K) a 
kJmol-1 
 
g 
l Hm(298 K) 
kJmol-1 (lit) b 
g 
l Hm(298 K) 
kJmol-1 
(calc)a 
(-) -Pinene 4141.8±16 11.12±0.039 34.43±0.13 44.6±0.2  
     44.4±2.4 
Adamantane 4485.7±14 11.019±0.034 37.29±0.11 48.5±3.8a  
     48.4±2.4 
1,3- 
dimethyladamantane 
 
4644.0±15 
 
11.257±0.037 
 
38.61±0.12 
 
49.37±0.33 
 
     50.3±2.5 
1,3,5- 
Trimethyladamantane 
 
4713.6±15 
 
11.381±0.037 
 
39.19±0.12 
 
51.74±0.9 
 
     51.1±2.5 
1,4-Di-t-butylbenzene 5728.6±17 13.030±0.04 47.63±0.014 62.98±0.14  
     63.1±2.8 
E -Caryophyllene 5937.2±19 12.886±0.047 49.36±0.16   
     65.5±2.8 
trans -Bergamotene 6257.8±19 13.621±0.047 52.03±0. 16   
     69.3±2.9 
-Humulene 
6081.7±17 13.073±0.042 50.56±0.14   
    67.2±2.9 
 5881.0±19 12.297±0.048 48.89±0.16 65.0±4.4a  
Diamantane     64.9±2.8 
g -1 2 
l Hm(298.15 K)/kJmol = (1.4160.044)Htrn(400K) - (4.361.81); r = 0.9962 
 
(AIII-E1) 
a Uncertainty: 1 standard deviation. 
160  
b Estimated combined expanded uncertainty (confidence level : 0.95) unless noted 
otherwise. 
 
 
 
 
Table AIII-2A 
Retention times for run 2; chromatogram were obtained on a 15 m SPB-5 column 
384.1 389.2 394.3 399.4 404.5 409.6 414.7 
Run 2  
t/60s 
0.473 0.468 0.468 0.467 0.466 0.469 0.466 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diamantane 
 
 
 
 
 
Table AIII-2B 
Correlation of Htrn(Tm) of bergamotene oil with lgHm(298 K) of the standards using 
oligocyclic compounds 
 
Run 2 
 
- slope a 
T/K 
 
intercept a 
Htrn(399 
K)a 
kJmol-1 
 
g 
l Hm(298 K) 
kJmol-1 (lit)b 
g 
l Hm(298 K 
kJmol-1 
(calc) a 
(-) -Pinene 4086.1±13 10.959±0.031 33.97±0.10 44.6±0.2 44.3±2.4 
Adamantane 4438.4±11 10.882±0.027 36.9±0.09 48.5±3.8a 48.5±2.4 
 
1,3- 
4599.3±11 11.126±0.027 38.24±0.09 49.37±0.33 50.3±2.5 
CH2Cl2  
(-) -Pinene 1.200 1.101 1.019 0.949 0.890 0.844 0.798 
Adamantane 2.438 2.158 1.922 1.726 1.56 1.426 1.304 
1,3-dimethyladamantane 2.814 2.470 2.181 1.943 1.742 1.579 1.434 
1,3,5-Trimethyladamantane 2.952 2.583 2.274 2.019 1.805 1.632 1.478 
1,4-Di-t-butylbenzene 7.171 5.978 5.016 4.247 3.625 3.128 2.714 
E -Caryophyllene 13.803 11.345 9.380 7.827 6.577 5.579 4.762 
trans -Bergamotene 15.212 12.357 10.109 8.342 6.94 5.830 4.930 
-Humulene 16.574 13.538 11.136 9.231 7.710 6.500 5.512 
21.195 17.416 14.408 11.994 10.048 8.498 7.209 
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l m trn 
dimethyladamantane 
 
1,3,5- 
Trimethyladamantane 
1,4-Di-t-butylbenzene 
E -Caryophyllene 
trans -Bergamotene 
-Humulene 
Diamantane 
 gH  (298.15 K)/kJmol-1 = (1.4050.044)H   (399K) - (3.3761.818); r2 = 0.9960 (AIII-E2) 
a Uncertainty: 1 standard deviation. 
b Estimated combined expanded uncertainty (confidence level : 0.95) unless noted 
otherwise. 
 
 
 
 
Table AIII-3A 
Retention times of bergamotene oil, run 3; chromatograms were obtained on a 15 m SPB- 
5 column 
 
Run 3 
388.8 394 398.9 404.1 409.1 414.1 419.1 
 
t/60s 
0.464 0.459 0.451 0.461 0.462 0.458 0.454 
4668.7±11 11.249±0.027 38.81±0.09 51.74±0.9 51.2±2.5 
5687.8±15 12.91±0.038 47.29±0.13 62.98±0.14 63.1±2.8 
5897.3±17 12.769±0.043 49.03±0.14  65.5±2.8 
6220.1±18 13.509±0.045 51.71±0.15  69.3±2.9 
6041.7±16 
 
5843.2±11 
12.955±0.040 
 
12.185±0.027 
50.23±0.13 
 
48.58±0.09 
 
 
65.0±4.4a 
67.2±2.9 
 
64.9±2.8 
CH2Cl2  
Decane 1.326 1.200 1.084 1.006 0.938 0.865 0.810 
Undecane 2.071 1.820 1.598 1.436 1.302 1.170 1.068 
Dodecane 3.418 2.925 2.498 2.179 1.921 1.680 1.495 
Tridecane 5.841 4.879 4.067 3.454 2.970 2.531 2.198 
Tetradecane 10.188 8.329 6.796 5.638 4.740 3.947 3.353 
E -Caryophyllene 11.436 9.481 7.847 6.592 5.610 4.721 4.047 
trans -Bergamotene 12.462 10.223 8.371 6.959 5.863 4.889 4.156 
-Humulene 13.649 11.252 9.257 7.727 6.537 5.465 4.658 
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l
Pentadecane 17.964 14.404 11.529 9.373 7.723 6.298 5.250 
 
 
 
 
 
Table AIII-3B 
Correlation of Htrn(Tm) with  gHm(298 K) of the standards using n-alkane standards 
 
Run 3 
 
- slope a 
T/K 
 
intercept a 
Htrn(404 K) 
a 
 
kJmol-1 
 
g 
l Hm(298 K) 
kJmol-1 (lit) b 
g 
l Hm(298 K) 
kJmol-1 (calc) 
a 
Decane 4768.1±37 12.409±0.092 39.64±0.31 51.42±0.26 51.7±0.8 
Undecane 5183.0±34 12.854±0.084 43.09±0.28 56.58±0.57 56.4±0.8 
Dodecane 5619.8±34 13.369±0.084 46.72±0.28 61.52±0.62 61.4±0.9 
Tridecane 6064.5±34 13.914±0.084 50.42±0.28 66.68±0.67 66.5±0.9 
Tetradecane 6518.5±34 14.490±0.085 54.19±0.29 71.73±0.72 71.7±0.9 
E - 
Caryophyllene 
 
6009.4±32 
 
13.060±0.080 
 
49.96±0.27 
  
65.9±0.9 
trans - 
Bergamotene 
 
6332.5±33 
 
13.802±0.082 
 
52.65±0.27 
  
69.6±0.9 
-Humulene 6154.8±34 13.25±0.083 51.17±0.28 
 
67.6±0.9 
Pentadecane 6973.7±35 15.073±0.088 57.98±0.29 76.77±0.77 76.9±1.0 
g -1 2 
l Hm(298.15 K)/kJmol = (1.3770.013)Htrn(404K) - (2.950.62); r = 0.9996 
 
(AIII-E3) 
a Uncertainties represent one standard deviation. 
b Uncertainties: the uncertainty in the n-alkanes is described as probable error. 
 
Table AIII-4A 
Retention times for run 4; chromatograms were obtained on a 15 m SPB-5 column 
Run 4 
 
CH2Cl2 
388.8 393.9 399 404.1 
 
t/60s 
409.1 414.1 419.1 
0.480 0.463 0.458 0.452 0.455 0.460 0.466 
Decane 1.376 1.213 1.102 1.004 0.933 0.875 0.832 
Undecane 2.144 1.841 1.626 1.440 1.300 1.186 1.098 
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Dodecane 3.521 2.958 2.541 2.190 1.923 1.707 1.536 
Tridecane 5.980 4.935 4.141 3.477 2.976 2.575 2.259 
Tetradecane 10.375 8.430 6.923 5.684 4.757 4.022 3.447 
E -Caryophyllene 11.630 9.602 8.001 6.654 5.635 4.812 4.160 
trans -Bergamotene 12.664 10.35 8.532 7.021 5.889 4.982 4.271 
-Humulene 13.861 11.39 9.437 7.801 6.569 5.571 4.786 
Pentadecane 18.200 14.554 11.734 9.455 7.755 6.421 5.393 
 
 
 
 
 
Table AIII-4B 
Correlation of Htrn(Tm) with  gHm(298 K) of the standards using n-alkane standards 
Run 4 - slope a 
T/K 
intercept a Htrn(404 K) a
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) b 
g 
l Hm(298 K)
kJmol-1 (calc)a
Decane 4805.3±49 12.482±0.12 39.95±0.41 51.42±0.26 51.6±1.0 
Undecane 5202.6±44 12.883±0.11 43.25±0.36 56.58±0.57 56.4±1.0 
Dodecane 5616.9±36 13.344±0.09 46.70±0.30 61.52±0.62 61.4±1.0 
Tridecane 6040.8±30 13.839±0.07 50.22±0.25 66.68±0.67 66.5±1.1 
Tetradecane 6475.1±27 14.366±0.07 53.83±0.22 71.73±0.72 71.7±1.1 
E -Caryophyllene 5964.6±25 12.933±0.06 49.59±0.21 
 
65.7±1.1 
trans -Bergamotene 6285.4±26 13.669±0.06 52.25±0.22 
 
69.6±1.1 
-Humulene 6105.0±24 13.111±0.06 50.75±0.20 
 
67.6±1.1 
Pentadecane -6911.0±25 14.903±0.06 57.45±0.21 76.77±0.77 76.9±1.2 
g -1 2 
l Hm(298.15 K)/kJmol = (1.460.016)Htrn(404K) - (6.720.73); r = 0.9997 
 
(AIII-E4) 
a Uncertainties represent one standard deviation. 
b Uncertainties: the uncertainty in the n-alkanes is described as probable error. 
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Table AIII-5A 
Retention times for run 6 using technical grade caryophyllene; chromatograms were 
obtained on a 15 m SPB-5 columna 
 
381.8 386.8 391.8 396.9 401.9 407 412 
Run 5  
t/60s 
0.490 0.487 0.487 0.484 0.470 0.494 0.493 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a -We would like to thank Professor R. E. K. Winter for the sample. 
 
 
 
Table AIII-5B 
Correlation of Htrn(Tm) with lgHm(298 K) using oligocyclic standards; 
  
- slope/K a 
 
intercept a 
Htrn(397 K) 
a 
 
kJmol-1 
 
 
 
g -1 
 
(lit)b (calc)a 
 4071.85 10.9480.1   44.42. 
(-) -Pinene 0 2 33.850.42 44.60.2 3 
 
4417.75 10.8600.1   48.42. 
Adamantane 2 3 36.730.43 48.53.8a 4 
 
4576.65 11.1010.1  49.370.3 50.32. 
1,3-Dimethyladamantane 3 3 38.050.44 3 5 
1,3,5- 4645.05 11.2230.1   51.12. 
trimethyladamantane 3 3 38.620.44 51.740.2 5 
CH2Cl2  
(-) -Pinene 1.251 1.145 1.058 0.984 0.908 0.885 0.841 
Adamantane 2.548 2.243 1.994 1.787 1.601 1.494 1.373 
1,3-Dimethyladamantane 2.943 2.568 2.264 2.012 1.79 1.655 1.51 
1,3,5-trimethyladamantane 3.088 2.687 2.36 2.092 1.856 1.711 1.557 
1,4-Di-t-butylbenzene 7.501 6.213 5.201 4.395 3.736 3.274 2.853 
Z-Caryophyllene 13.517 11.062 9.14 7.616 6.389 5.501 4.718 
E -Caryophyllene 14.447 11.819 9.756 8.121 6.808 5.856 5.016 
-Humulene 17.339 14.091 11.575 9.575 7.975 6.82 5.809 
Diamantane 22.116 18.084 14.906 12.376 10.357 8.87 7.563 
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1,4-Di-t-butylbenzene 
5664.85 
8 
12.9030.1 
5 
 
47.090.48 
62.980.1 
4 
63.12. 
7 
 
Z-Caryophyllene 
5858.85 
6 
12.7910.1 
4 
 
48.710.47 
 
65.52. 
8 
 
E -Caryophyllene 
5863.95 
6 
12.7350.1 
4 
 
48.750.47 
 
65.52. 
8 
 
-Humulene 
6003.35 
7 
12.9120.1 
4 
 
49.910.48 
 
67.12. 
8 
 
Diamantane 
5817.85 
4 
12.1760.1 
4 
 
48.370.45 
 
65.04.4a 
64.92. 
8 
 
 
g -1 2 
l Hm(298.15 K)/kJmol = (1.4110.044)Htrn(397K) - (3.3571.80); r = 0.9961 (AIII-E5) 
a Uncertainty: 1 standard deviation. 
b Estimated combined expanded uncertainty (confidence level : 0.95) unless noted 
otherwise. 
 
 
 
 
Table AIII-6A 
Retention times for run 6 using technical grade caryophyllene; chromatograms were 
obtained on a 15 m SPB-5 column 
 
381.7 386.8 391.7 396.8 401.8 406.9 411.9 
Run 6  
t/60s 
0.491 0.491 0.491 0.489 0.489 0.491 0.492 
CH2Cl2  
(-) -Pinene 1.260 1.160 1.072 0.997 0.934 0.884 0.839 
Adamantane 2.570 2.277 2.023 1.814 1.638 1.493 1.369 
1,3-Dimethyladamantane 2.968 2.607 2.297 2.043 1.829 1.655 1.506 
1,3,5-trimethyladamantane 3.115 2.727 2.396 2.124 1.896 1.710 1.552 
1,4-Di-t-butylbenzene 7.573 6.319 5.286 4.473 3.809 3.280 2.846 
Z-Caryophyllene 13.675 11.251 9.286 7.749 6.503 5.511 4.705 
E - Caryophyllene 14.621 12.02 9.916 8.267 6.930 5.867 5.003 
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-Humulene 17.527 14.343 11.761 9.740 8.116 6.831 5.791 
Diamantane 22.408 18.392 15.154 12.600 10.537 8.889 7.546 
 
 
 
 
 
 
Table AIII-6B 
Correlation of Htrn(Tm) with  gHm(298 K) using oligocyclic standards 
 - slope/T/Ka intercepta Htrn(397 
K)a 
kJmol-1 
 
Run 6    gH (298 K)/kJmol-1 
l m 
(lit)b (calc)a 
(-) -Pinene 4147.315 11.1290.038 34.480.13 44.60.2 44.42.4 
Adamantane 4497.317 11.0530.043 37.390.14 48.53.8b 48.52.5 
1,3- 
Dimethyladamantane 
 
4656.118 
 
11.2930.044 
 
38.710.15 
 
49.370.33 
 
50.32.5 
1,3,5- 
trimethyladamantane 
 
4724.118 
 
11.4140.044 
 
39.270.15 
 
51.740.2 
 
51.12.5 
1,4-Di-t-butylbenzene 5742.922 13.0910.004 47.740.19 62.980.14 63.02.8 
Z-Caryophyllene 5945.323 13.0010.058 49.430.19  65.42.8 
E -Caryophyllene 5950.522 12.9450.057 49.470.19  65.52.8 
-Humulene 6090.323 13.1240.059 50.630.19  67.12.9 
Diamantane 5907.222 12.3930.055 49.110.18 65.04.4b 64.92.8 
 
 
g -1 2 
l Hm(298.15 K)/kJmol = (1.4040.044)Htrn(397K) - (4.031.82); r = 0.9961 (AIII-E6) 
a Uncertainty: 1 standard deviation. 
b Estimated combined expanded uncertainty (confidence level : 0.95) unless noted 
otherwise. 
 
 
 
 
 
Table AIII-7A 
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Retention times for run 7 using technical grade caryophyllene; chromatograms were 
obtained on a 15 m SPB-5 column 
 
393.8 399 404 409.1 414.1 419.1 424 
Run 7  
t/60s 
0.449 0.442 0.448 0.45 0.451 0.460 0.457 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table AIII-7B 
Correlation of Htrn(Tm) with  gHm(298 K) of the standards 
Run 7 - slopea 
T/K 
intercepta Htrn(409 K)a 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit)b 
g 
l Hm(298 K) 
kJmol-1 (calc)a
Tridecane 5787.2±35 13.258±0.086 48.11±0.29 66.68±0.67 66.8±1.4 
Tetradecane 6242.3±34 13.836±0.084 51.9±0.28 71.73±0.72 71.7±1.4 
Z- Caryophyllene 5748.3±32 12.509±0.079 47.79±0.27  66.3±1.4 
E -Caryophyllene 5751.8±34 12.449±0.083 47.82±0.28 
 
66.4±1.4 
-Humulene 5891.3±33 12.626±0.080 48.98±0.27 
 
67.9±1.4 
Pentadecane 6694.7±32 14.413±0.080 55.66±0.27 76.77±0.77 76.6±1.5 
Hexadecane 7144.3±31 14.987±0.075 59.4±0.25 81.35±0.81 81.5±1.5 
 
 
g -1 2 
l Hm(298.15 K)/kJmol = (1.300.019)Htrn(409K) + (4.011.04); r = 0.9996 (AIII-E7) 
a Uncertainties represent one standard deviation. 
 
b Uncertainties: the uncertainty in the n-alkanes is described as probable error. 
CH2Cl2  
Tridecane 4.692 3.935 3.341 2.873 2.495 2.202 1.946 
Tetradecane 8.009 6.574 5.456 4.586 3.893 3.356 2.900 
Z- Caryophyllene 8.567 7.140 6.004 5.107 4.385 3.816 3.326 
E -Caryophyllene 9.153 7.618 6.403 5.441 4.665 4.055 3.531 
-Humulene 10.84 8.977 7.496 6.329 5.398 4.663 4.036 
Pentadecane 13.839 11.144 9.070 7.465 6.214 5.246 4.445 
Hexadecane 24.04 19.047 15.241 12.311 10.062 8.338 6.939 
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Table AIII-8A 
Retention times for run 8 using technical grade caryophyllene; chromatograms were 
obtained on a 15 m SPB-5 column 
 
393.8 399 404 409.1 414.1 419.1 424 
Run 8  
t/60s 
0.458 0.459 0.462 0.461 0.467 0.46 0.464 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table AIII-8B 
Correlation of Htrn(Tm) with lgHm(298 K) of the standards; uncertainties represent one 
standard deviation 
Run 8 - slope a 
T/K 
intercept a Htrn(409 K) a
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit)b 
g 
l Hm(298 K) 
kJmol-1 (calc) a 
Tridecane 5940.6±13 13.614±0.033 49.39±0.11 66.68±0.67 66.8±1.7 
Tetradecane 6397.4±13 14.197±0.031 53.19±0.11 71.73±0.72 71.7±1.8 
Z- Caryophyllene 5903.5±11 12.871±0.027 49.08±0.09  66.4±1.7 
CH2Cl2  
Tridecane 4.799 4.050 3.441 2.944 2.552 2.216 1.957 
Tetradecane 8.198 6.762 5.615 4.696 3.977 3.381 2.914 
Z-Caryophyllene 8.777 7.340 6.176 5.229 4.477 3.845 3.341 
E -Caryophyllene 9.380 7.828 6.581 5.566 4.759 4.084 3.542 
-Humulene 11.111 9.222 7.708 6.484 5.509 4.702 4.053 
Pentadecane 14.182 11.459 9.329 7.648 6.343 5.290 4.053 
Hexadecane 24.702 19.584 15.651 12.605 10.262 8.405 4.461 
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E -Caryophyllene 5913.7±11 12.827±0.026 49.16±0.09  66.5±1.7 
-Humulene 6045.5±11 12.984±0.026 50.26±0.09  67.9±1.8 
Pentadecane 6856.1±12 14.789±0.031 57.00±0.10 76.77±0.77 76.6±1.9 
Hexadecane 7318.5±15 15.395±0.037 60.84±0.13 81.35±0.81 81.5±1.9 
 
 
g -1 2 
l Hm(298.15 K)/kJmol = (1.2850.023)Htrn(409K) + (3.351.30); r = 0.9993 (AIII-E8) 
a Uncertainties represent one standard deviation. 
 
b The uncertainty in the n-alkanes is described as probable error. 
 
 
 
 
Table AIII-9 
Retention Indices (RI)a 
 
 RI Run 3 
(393.9 K) 
RI Run 4 
(393.2) 
RI litb 
Bergamotene oil  
E -Caryophyllene 
1424 1424 1421 
 
 trans Bergamotene 
1438 1438 1434, 1436c 
 
 Humulene 
1455 1455 1455, 1457c 
Caryophyllene TCI  RI (388.2 K)  
Z Caryophyllene  1412 1409 
E -Caryophyllene  1424 1421 
 Humulene  1455 1455 
 
Caryophyllene Technical Grade 
RI Run 7 
(393.8 K) 
RI Run 8 
(393.8 K) 
 
Z Caryophyllene 1412 1412 1409 
E -Caryophyllene 1424 1425 1421 
 Humulene 1455 1455 1455 
a Measured on a 15 m SPB-5 column isothermally; RI values were temperature dependent 
increasing with increasing temperature. 
b Values recorded on a DB-5 column, reference [AIII-R1]. 
c Reference [AIII-R2]. 
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Table AIII-10 
 
Vapor pressures of 1,3,5-trimethyladamantane; po = 101.325 kPa [AIII-R3] 
ln(p/po) = (8.691±0.026) - (3287.8±22.0)/(T/K) - 406878±4617 )/(T/K)2 
1/(T/K) p/kPa T/K ln(p/po) 
0.002717 3.94 368.034 -3.24715 
0.002634 6.211 379.627 -2.79201 
0.002578 8.405 387.893 -2.48951 
0.002532 10.779 394.979 -2.24073 
0.002491 13.417 401.47 -2.02181 
0.002448 16.8 408.509 -1.79695 
0.002407 20.854 415.428 -1.58079 
0.002372 25.053 421.572 -1.39734 
0.002332 30.897 428.848 -1.18767 
0.002296 37.222 435.596 -1.00143 
0.002255 45.798 443.397 -0.79409 
0.002216 56.102 451.34 -0.59116 
0.002179 67.498 458.892 -0.40624 
0.002142 81.566 466.916 -0.21692 
0.002115 93.17 472.761 -0.08391 
0.002111 95.327 473.775 -0.06102 
0.002102 99.572 476 -0.01745 
 
 
 
 
 
Table AIII-11 
 
A summary of the coefficients of of Eq. (E-1); uncertainties represent one standard 
deviation 
171  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Boiling temperature at po = 101325 Pa; ref. [AIII-R4]; other reported values include 535.2, 
536.2 K [AIII-R5]. 
b Estimated using Advanced Chemistry Development; [AIII-R5]. 
 
c Boiling temperature at p = 4800 Pa, ref [AIII-R6]. 
 
d Boiling temperature at p = 2066 Pa, 398.9 K (lit. 399.2 K, ref [AIII-R7]). 
 
e Boiling temperature at p =2533 Pa; experimental database EPI; [AIII-R8]. 
Bergamotene oil 
Runs 1 & 2 
As Bs(K) Cs(K)2 BP/K 
Calc/Lit 
E  Caryophyllene 11.1377±0.0042 -5175.6±3.1 -377803±562 (528.8±0.1)/527-9a 
 trans Bergamotene 12.025±0.0039 -5545.1±2.9 -385490±521 (522.4±0.2)/(532±7)b 
 Humulene 11.385±0.005 -5360.6±3.5 -378562±640 (432.2±1.7)/428.2c 
Runs 3 & 4     
E  caryophyllene 7.4915±0.0978 -2695.3±72.3 -805021±13187 (553.8±0.5)/(527-9)a 
 trans Bergamotene 8.2629±0.0845 -2991.1±62.5 -822487±11396 (544.7±0.5)/(532±7)b 
 Humulene 7.5563±0.1007 -2746.5±74.5 -827737±13588 (437.4±0.2)/428.2c,d 
Caryophyllene (technical grade) 
 
Runs 5 & 6 
Z caryophyllene 11.200±0.004 -5171.1±3.0 -375861±548 (409.0±2.0)/402.2e 
E  caryophyllene 11.140±0.005 -5184.4±3.4 -374921±618 (529±0.2)/527-9a 
 Humulene 11.377±0.004 -5366.1±2.9 -375192±521 (432.1±1.7)/428.2c,d 
Runs 7 & 8     
Z caryophyllene 7.501±0.102 -2631.2±75.2 -819873±13715 (413.2±0.5)/402.2e 
E  caryophyllene 7.374±0.102 -2594.2±75.2 -827661±13715 (554.2±0.8)/527-9a 
 Humulene 7.419±0.106 -2646.3±78.1 -846906±14237 (437.6±0.1)/428.2c, 
 
172  
Table AIII-12 
 
A comparison of vapor pressures (Pa) of the two components of bergamotene oil (runs 1 
and 2) with the corresponding compounds in technical grade caryophyllene using 
oligocyclic standards (runs 5 and 6); po = 1011325 Paa 
 
E -Caryophylleneb 
 
 Humuleneb 
Runs 1 & 2 Runs 5 &6 T/K Runs 1 & 2 Runs 5 &6 
298.15 2.9±1.0 2.9±1.0 2.0±0.7 2.0±0.7 
310 7.7±2.4 7.7±2.4 5.4±1.8 5.4±1.8 
320 16±4.7 16±4.7 12±3.5 12±3.5 
330 33±8.6 34±8.6 24±6.5 24±6.5 
340 65±15 65±15 48±11 48±11 
350 120±24 120±24 90±19 91±19 
360 215±37 215±38 160±30 160±30 
370 370±55 370±56 290±45 290±45 
380 620±78 620±78 480±64 480±65 
390 1000±100 1000±110 790±87 790±89 
400 1600±130 1600±140 1300±120 1300±120 
410 2400±170 2400±170 2000±150 2000±150 
420 3600±210 3600±210 3000±190 3000±190 
430 5300±260 5300±270 4400±230 4400±240 
440 7700±350 7700±370 6400±310 6400±320 
450 11000±520 11000±560 9200±460 9200±500 
460 15000±880 15000±950 13000±750 13000±820 
a Vapor pressures calculated by correlation at each temperature and rounded to 2 
significant figures; uncertainties represent one standard deviation. 
b Comparisons of the components of caryophyllene oil with those from bergamotene oil 
using oligocyclic standards. 
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Table AIII-13 
 
A comparison of vapor pressures (Pa) of the two components of bergamotene oil (runs 3 
and 4) with the corresponding compounds in technical grade caryophyllene using n- 
alkane standards (runs 7 and 8).a 
 
E -Caryophyllene -Humulene 
Runs 3 & 4 Runs 7 & 8 T/K Runs 3 & 4 Runs 7 & 8 
298.15 2.5±0.03 2.7±0.2 1.8±0.02 1.7±0.1 
310 7.0±0.04 6.8±0.3 5.0±0.03 4.9±0.2 
320 15±0.05 15±0.5 11±0.03 11±0.4 
330 32±0.09 31±0.8 23±0.07 23±0.6 
340 62±0.3 61±1.2 46±0.2 46±1.0 
350 115±0.7 110±2.0 88±0.5 87±1.3 
360 204±1.4 200±2 160±1.1 160±1.7 
370 350±2.6 350±2.5 270±2.2 270±2.1 
380 570±4.5 570±2.8 460±3.7 450±2.3 
390 920±7.1 910±2.8 740±6.0 730±2.3 
400 1400±10 1400±2.5 1200±9 1100±2.1 
410 2100±14 2100±2.0 1700±13 1700±1.7 
420 3100±19 3100±1.3 2600±17 2600±1.1 
430 4400±24 4400±0.6 3700±22 3700±0.5 
440 6200±33 6200±0.2 5200±30 5200±0.1 
450 8500±49 8500±0.3 7200±43 7200±0.3 
460 11000±82 11000±0.6 9800±70 9700±0.6 
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a Vapor pressures calculated by correlation at each temperature and rounded to 2 
significant figures; uncertainties represent one standard deviation evaluated at each 
temperature by the correlation. 
 
 
 
 
Table AIII-14 
A comparison of vapor pressures (Pa) of the three major components of bergamotene oil 
evaluated using oligocyclic compounds (runs 1 and 2) with n-alkanes (runs 3 and 4); po = 
101325 Paa 
E -Caryophyllene 
 
oligocyclics n-alkanes 
 trans Bergamotene 
oligocyclics n-alkanes 
 Humulene 
oligocyclics n- 
alkanes 
T/K Runs 1 & 2 Runs 3 & 4 Runs 1 & 2 Runs 3 & 4 Runs 1 & 2 Runs 3 & 4 
298.15 2.9±1.0 2.5±0.03 1.9±0.7 1.7±0.02 2.0±0.7 1.8±0.02 
310 7.7±2.4 7.0±0.04 5.2±1.7 4.9±0.03 5.4±1.8 5.0±0.03 
320 16±4.7 15±0.05 12±3.5 11±0.03 12±3.5 11±0.03 
330 33±8.6 32±0.09 25±6.6 24±0.07 24±6.5 23±0.07 
340 65±15 62±0.3 50±12 48±0.2 48±11 46±0.2 
350 120± 115±0.7 96±20 93±0.6 90±19 88±0.5 
360 215±37 204±1.4 180±32 170±1.2 160±30 160±1.1 
370 370±55 350±2.6 310±48 300±2.3 290±45 270±2.2 
380 620±78 570±4.5 540±70 510±4 480±64 460±3.7 
390 1000±100 920±7.1 900±96 830±6.5 790±87 740±6.0 
400 1600±130 1400±10 1400±130 1300±10 1300±120 1200±9 
410 2400±170 2100±14 2300±160 2000±14 2000±150 1700±13 
420 3600±210 3100±19 3500±200 3000±19 3000±190 2600±17 
430 5300±260 4400±24 5300±260 4400±24 4400±230 3700±22 
440 7700±350 6200±33 7800±350 6300±33 6400±310 5200±30 
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a Vapor pressures calculated by correlation at each temperature and rounded to 2 
significant figures; uncertainties represent one standard deviation evaluated at each 
temperature by the correlation. 
 
 
 
 
Table AIII-15 
A comparison of vapor pressures (Pa) of the three major components of technical grade 
caryophyllene evaluated using oligocyclic compounds (runs 5 and 6) with n-alkanes 
(runs 7 and 8); po = 101325 Pa.a 
E -Caryophylleneb -Humuleneb Z-Caryophyllenec 
T/K Runs 5 & 6 Runs 7 & 8 Runs 5 & 6 Runs 7 & 8 Runs 5 & 6 Runs 7 & 8 
298.15 2.9±1.0 2.7±0.2 2.0±0.7 1.7±0.1 3.2±1.1 2.7±0.2 
310 7.7±2.4 6.8±0.3 5.4±1.8 4.9±0.2 8.4±2.7 7.4±0.3 
320 16±4.7 15±0.5 12±3.5 11±0.4 18±5 16±0.5 
330 34±8.6 31±0.8 24±6.5 23±0.6 37±9.4 34±0.9 
340 65±15 61±1.2 48±11 46±1.0 71±16 66±1.3 
350 120±24 110±2.0 91±19 87±1.3 130±26 120±1.8 
360 215±38 200±2 160±30 160±1.7 240±41 220±2.3 
370 370±56 350±2.5 290±45 270±2.1 410±60 380±2.7 
380 620±78 570±2.8 480±65 450±2.3 680±84 620±3 
390 1000±110 910±2.8 790±89 730±2.3 1100±110 990±3 
400 1600±140 1400±2.5 1300±120 1100±2.1 1700±150 1500±2.7 
410 2400±170 2100±2.0 2000±150 1700±1.7 2600±180 2300±2.1 
420 3600±210 3100±1.3 3000±190 2600±1.1 4000±230 3400±1.4 
430 5300±270 4400±0.6 4400±240 3700±0.5 5800±280 4800±0.6 
450 11000±520 8500±49 11200±540 8700±50 9200±460 7200±43 
460 15000±880 11000±82 16000±920 12000±86 13000±750 9800±70 
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a Vapor pressures calculated by correlation at each temperature and rounded to 2 
significant figures; uncertainties represent one standard deviation evaluated at each 
temperature by the correlation. 
 
 
 
 
 
Fig. AIII-1. Infrared spectrum of E  caryophyllene from TCI (>0.90);  humulene 
(0.02); Z caryophyllene (0.003). The infrared spectrum was run on an Avatar 360 FTIR 
using attenuated total reflectance. The intensities were not corrected for wavelength 
dependence. 
440 7700±370 6200±0.2 6400±320 5200±0.1 8400±390 6700±0.1 
450 11000±560 8500±0.3 9200±500 7200±0.3 12000±600 9200±0.3 
460 15000±950 11000±0.6 13000±820 9700±0.6 16000±1000 12400±0.7 
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Fig. AIII-2. Infrared spectrum of technical grade E  caryophyllene from Aldrich (0.64); 
 humulene (0.044); Z caryophyllene (0.0.20). The infrared spectrum was run on an 
Avatar 360 FTIR using attenuated total reflectance. The intensities were not corrected for 
wavelength dependence. 
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Fig. AIII-3. Infrared spectrum of bergamotene oil; E  caryophyllene (0.15),  trans 
bergamotene (0.56),  humulene 0.20). The infrared spectrum was run on an Avatar 360 
FTIR using attenuated total reflectance. The intensities were not corrected for wavelength 
dependence. 
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Fig. AIII-4. A GC trace of bergamotene oil on an SPB-5 column at T = 383 K; major 
components: E -caryophyllene (retention time:13.2),  trans-bergamotene (retention 
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time: 14.5), and -humulene (retention time: 15.8). The small peaks at approximately 
8.4, 14, and 15 were not analyzed. 
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Fig. AIII-5. A GC trace of technical grade caryophyllene from Aldrich at T = 391.7. 
Retention times: 0.441 CH2Cl2 , (not shown), 9.170 Z-caryophyllene, 9.861 E - 
caryophyllene, 11.618 -humulene [S5]. 
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Fig. AIII-6. A GC trace of caryophyllene from TCI at T = 391.7 K; retention times: 
0.470 CH2Cl2 (not shown); 6.820 (not identified); 7.866 (not identified); 9.235 Z- 
caryophyllene; 9.895 E - caryophyllene; 11.685 -humulene. 
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Appendix IV 
 
 
Table AIV-1A 
Retention times for Run 1 on 30m DBP column 
 
 
Run 1 
397.8 
K 
402.8 
K 
407.8 
K 
412.8 
K 
417.8 
K 
422.7 
K 
427.9 
K 
t0=60s    t0/ta    
DCM 3.034 3.050 3.065 3.077 3.099 3.103 3.146 
2-Heptanone 3.771 3.697 3.632 3.584 3.543 3.499 3.504 
2-Nonanone 5.624 5.258 4.956 4.718 4.510 4.332 4.229 
(-)-Verbenone 8.740 7.899 7.190 6.627 6.149 5.744 5.455 
d-Carvone 9.862 8.809 7.929 7.231 6.646 6.155 5.839 
6-Undecanone 10.486 9.260 8.250 7.456 6.798 6.253 5.839 
β-Damascenone 17.254 14.837 12.828 11.263 9.980 8.928 8.115 
E-Nerylacetone 21.399 18.037 15.322 13.216 11.516 10.142 9.075 
trans- 
Geranylacetone 
 
23.494 
 
19.736 
 
16.650 
 
14.294 
 
12.389 
 
10.855 
 
9.660 
β-Ionone 27.521 23.158 19.418 16.632 14.337 12.505 11.064 
2-Tridecanone 29.827 24.726 20.547 17.398 14.860 12.847 11.270 
 
 
 
 
Table AIV-1B 
 
Correlation of Htrn(413 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
 
Run 1 
 
 
- slope 
 
 
 
intercept 
 
 
Htrn(413 K) 
 
 
 gH (298 
K) 
 
 
 gH (298 
K) 
T/K kJmol -1 kJmol
-1 -1 
(Lit) 
 
6 1 
 
0 0 
 
4 8 
 
4 3 
 
8 9 
2-Heptanone 4138.74 10.7130.1 34.410.39 47.60.4 47.71.6 
2-Nonanone 4960.44 11.5240.1 41.240.33 56.40.1 56.71.7 
(-)-Verbenone 5143.23 11.1930.0 42.760.28 58.8±0.9 58.71.8 
6-Undecanone 5810.91 12.6020.0 48.310.12 66.61.9 66.01.9 
2-Tridecanone 6774.93 13.7490.0 56.320.32 
-Demascenone 5971.23 12.3620.0 49.640.29 
76.11.0 76.52.1 
67.72.0 
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E-Nerylacetone 6415.13 6 
13.2230.0 
9 53.330.30 72.52.0 
trans- 
Geranylacetone 
6497.43 
7 
13.3210.0 
9 54.020.31 73.42.0 
-Ionone 6419.03 9 
12.9430.0 
9 53.370.32 72.62.0 
d-Carvone 5319.86 8 
11.4600.1 
6 44.230.56 60.61.9 
 
 
ΔlgHm(298.15 K)/kJmol-1 = (1.3120.029)Htrn(413 K) + (2.581.30);  r2 = 0.9986 (AIV-E1) 
 
 
 
 
 
Table AIV-2A 
 
Retention times for Run 2 on 30m DBP column 
 
 
Run 2 
 
397.9 K 
402.9 
K 
408 
K 
412.9 
K 
417.9 
K 
422.9 
K 
 
428 K 
t0=60s    t0/ta    
DCM 3.060 3.078 3.093 3.109 3.124 3.133 3.155 
2-Heptanone 3.794 3.718 3.663 3.608 3.566 3.523 3.505 
2-Nonanone 5.657 5.292 4.994 4.743 4.537 4.363 4.228 
(-)-Verbenone 8.800 7.957 7.241 6.667 6.188 5.790 5.462 
d-Carvone 9.957 8.908 8.000 7.293 6.700 6.211 5.818 
6-Undecanone 10.579 9.355 8.320 7.516 6.851 6.308 5.868 
β-Damascenone 17.353 14.897 12.900 11.323 10.032 8.976 8.127 
E-Nerylacetone 21.545 18.140 15.414 13.295 11.583 10.194 9.095 
trans- 
Geranylacetone 
 
23.693 
 
19.854 
 
16.766 
 
14.389 
 
12.467 
 
10.908 
 
9.687 
β-Ionone 27.875 23.317 19.585 16.775 14.462 12.567 11.125 
2-Tridecanone 30.168 24.924 20.712 17.546 14.983 12.909 11.333 
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Table AIV-2B 
 
Correlation of Htrn(413 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
 
Run 2 
 
 
- slope 
 
 
 
intercept 
 
 
Htrn(413 K) 
 
 
 gH (29 
8 K) 
 
 
 gH (298 
K) 
T/K kJmol -1 kJmol
-1 -1 
(Lit) 
2-Heptanone 4206.9±43 10.883±0.1 34.970.36 47.60.4 47.9
2-Nonanone 5011.1±21 11.643±0.05 41.660.17 56.40.1 56.8
(-)-Verbenone 5166.2±22 11.240±0.05 42.950.18 58.8±0.9 58.5
6-Undecanone 5816.6±17 12.603±0.04 48.360.14 66.61.9 65.7
2-Tridecanone 6802.8±36 13.804±0.09 56.560.3 76.11.0 76.6.1 
-Damascenone 5986.2±25 12.390±0.06 49.770.2  67.62.8 
E-Nerylacetone 6435.5±28 13.263±0.07 53.500.23  72.6.0 
trans- 
Geranylacetone 6523.4±30 13.374±0.07 54.230.25 73.5.0 
-Ionone 6449.8±35 13.004±0.08 53.620.29 72.7.0 
d-Carvone 5405.5±27 11.658±0.07 44.940.22 61.2

Δ gH (298.15 K)/kJmol-1 = (1.3340.042)H (413 K) + (1.221.92); r2 = 0.9970 
l m trn 
(AIV-E2) 
 
 
 
 
Table AIV-3A 
 
Retention times for Run 3 on 30m DBP column 
 
Run 3 412.9 K 417.8 K 422.8 K 428 K 433 K 438 K 443 K 
t0=60s    t0/ta    
DCM 3.060 3.066 3.076 3.122 3.149 3.181 3.206 
Acetophenone 4.668 4.481 4.310 4.224 4.125 4.051 3.984 
Isopherone 5.245 4.975 4.732 4.592 4.444 4.330 4.227 
β-Damascenone 11.167 9.894 8.840 8.059 7.378 6.825 6.360 
Isojasmone A 11.621 10.245 9.119 8.277 7.550 6.960 6.467 
cis-Jasmone 11.776 10.394 9.253 8.402 7.665 7.063 6.563 
β-Ionone 16.447 14.199 12.372 10.984 9.821 8.869 8.085 
2-Tridecanone 17.235 14.724 12.711 11.194 9.934 8.869 8.085 
Benzophenone 31.542 26.494 22.424 19.319 16.831 14.613 13.003 
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Table AIV-3B 
 
Correlation of Htrn(428 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
 
Run 3 
 
 
- slope 
 
 
 
intercept 
 
 
Htrn(428 K) 
 
 
 gH (29 
8 K) 
 
 
 gH (298 
K) 
T/K kJmol -1 kJmol
-1 -1 
(Lit) 
Acetophenone 4399.1±38 10.185±0.09 36.57±0.31 55.4±0.4 55.1±2.6 
2-Tridecanone 6473.7±51 13.038±0.12 53.82±0.43 76.11.0 76.13.1 
Benzophenone 6470.1±53 12.332±0.12 53.79±0.44 76.51.2 76.13.1 
-Damascenone 5710.4±40 11.747±0.09 47.47±0.33 67.72.4 68.42.9 
cis-Jasmone 5773.7±39 11.827±0.09 48±0.33  69.02.9 
-Ionone 6137.2±54 12.278±0.13 51.02±0.45  72.73.0 
Isojasmone B 5837.0±40 11.999±0.09 48.53±0.33  69.72.9 
Isophorone 4599.5±39 10.364±0.09 38.24±0.33  57.22.7 
 
 
ΔlgHm(298.15 K)/kJmol-1 = (1.2150.043)Htrn(428 K) + (10.722.1);  r2 = 0.9975 (AIV-E3) 
 
 
 
 
Table AIV-4A 
 
Retention times for Run 4 on 30m DBP column 
 
Run 4 412.8 K 417.7 K 422.8 K 427.9 K 432.9 K 437.8 K 442.8 K 
t0=60s    t0/ta    
DCM 3.095 3.112 3.123 3.159 3.186 3.206 3.230 
Acetophenone 4.736 4.538 4.382 4.275 4.166 4.088 4.014 
Isopherone 5.323 5.038 4.812 4.649 4.488 4.370 4.260 
β-Damascenone 11.335 10.027 8.998 8.162 7.464 6.891 6.410 
Isojasmone A 11.796 10.387 9.283 8.382 7.638 7.027 6.519 
cis-Jasmone 11.962 10.537 9.427 8.508 7.755 7.131 6.614 
β-Ionone 16.721 14.394 12.638 11.124 9.947 8.959 8.134 
2-Tridecanone 17.510 14.929 12.979 11.336 10.059 8.959 8.134 
Benzophenone 32.210 26.884 23.104 19.563 17.113 14.770 13.019 
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Table AIV-4B 
 
Correlation of Htrn(428 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
 
Run 4 
 
 
- slope 
 
 
 
intercept 
 
 
Htrn(428 K) 
 
 
 gH (298 
K) 
 
 
 gH (298 
K) 
T/K kJmol -1 kJmol
-1 -1 
(Lit) 
Acetophenone 4469.1±41 10.339±0.09 37.15±0.34 55.4±0.4 55.2±2.4 
2-Tridecanone 6560.1±36 13.231±0.08 54.54±0.30 76.1±1.0 75.8±2.9 
Benzophenone 6607.5±55 12.641±0.13 54.93±0.46 76.5±1.2 76.3±2.9 
-Demascenone 5774.7±26 11.887±0.06 48.01±0.21 67.7±2.4 68.1±2.7 
cis-Jasmone 
-Ionone 
5846.1±26 
6198.4±41 
11.987±0.06 
12.411±0.10 
48.60±0.21 
51.53±0.34 
 68.8±2.8 
72.3±2.8 
Isojasmone B 5903.7±26 12.145±0.06 49.08±0.21  69.4±2.8 
Isophorone 4668.3±37 10.516±0.09 38.81±0.31  57.2±2.5 
 
 
ΔlgHm(298.15 K)/kJmol-1 = (1.1850.041)Htrn(428 K) + (11.221.9);  r2 = 0.9988 (AIV-E4) 
 
 
 
 
Table AIV-5A 
 
Retention times for Run 5 on 30m DBP column 
 
Run 5 424 K 429 K 433.9 K 438.8 K 443.7 K 448.6 K 453.5 K 
t0=60s    t0/ta    
DCM 0.614 0.621 0.622 0.625 0.636 0.640 0.651 
2-Nonanone 1.299 1.223 1.153 1.098 1.058 1.015 0.987 
(-)-Verbenone 2.054 1.880 1.729 1.607 1.507 1.413 1.341 
Isojasmone A 3.544 3.131 2.783 2.507 2.274 2.068 1.904 
Isojasmone B 3.885 3.407 3.010 2.693 2.427 2.195 2.010 
β-Ionone 5.773 4.980 4.323 3.806 3.369 2.994 2.694 
2-Pentadecanone 14.218 11.731 9.749 8.219 6.965 5.935 5.119 
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l
Table AIV-5B 
 
Correlation of Htrn(439 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
Run 5 - slope intercept Htrn(439 K)
g 
l Hm(298 
K) 
g 
l Hm(298 
K) 
 
T/K 
 
kJmol-1 kJmol
-1 
(Lit) kJmol
-1 
2-Nonanone 4643.5±1 9 
11.332±0.0 
4 38.6±0.16 56.40.1 56.91.6 
(-)-Verbenone 4784.7±1 6 
10.924±0.0 
4 39.78±0.13 58.8±0.9 58.41.6 
-Ionone 6033.7±2 1 
12.594±0.0 
5 50.16±0.17 72.73.0 72.41.8 
2- 
Pentadecanone 
7257.9±2 
6 
14.513±0.0 
6 60.34±0.21 86.01.7 86.22.0 
Isojasmone Aa 5529.2±1 8 
11.970±0.0 
4 45.97±0.15 
 
66.81.8 
Isojasmone Bb 5719.4±1 9 
12.309±0.0 
4 47.55±0.16 
 
68.91.8 
ΔlgHm(298.15 K)/kJmol-1 = (1.3480.026)Htrn(439 K) + (4.821.27); r2 = 0.9992 (AIV-E5) 
a)  2-Pentyl-2-cyclohexen-1-one 
b) 2-Hexyl-2-cyclopenten-1-one 
 
 
 
 
 
Table AIV-6A 
 
Retention times for Run 6 on 30m DBP column 
 
Run 6 424.1 K 429 K 433.9 K 438.8 K 443.7 K 448.7 K 453.5 K 
t0=60s    t0/ta    
DCM 0.609 0.609 0.614 0.617 0.622 0.626 0.630 
2-Nonanone 1.287 1.204 1.138 1.081 1.034 0.994 0.957 
(-)-Verbenone 2.036 1.854 1.708 1.580 1.473 1.383 1.302 
Isojasmone A 3.516 3.092 2.750 2.458 2.222 2.023 1.849 
Isojasmone B 3.853 3.365 2.973 2.641 2.373 2.148 1.953 
β-Ionone 5.722 4.919 4.270 3.733 3.293 2.929 2.619 
2-Pentadecanone 14.066 11.575 9.615 8.064 6.813 5.803 4.985 
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l
l m l m
kJmol 
Table AIV-6B 
 
Correlation of Htrn(439 K) with  gH 
 
 
m(298 K) of the standards; uncertainties are one 
standard deviation 
 
 
Run 6 
 
 
- slope 
 
 
 
intercept 
 
 
Htrn(439 K) 
 
 
 gH (298 
K) 
 
 
 gH (298 
K) 
T/K kJmol -1 kJmol
-1 -1 
(Lit) 
2-Nonanone 4743.5±30 11.576±0.07 39.44±0.25 56.4±0.1 56.7±1.0 
(-)-Verbenone 4913.3±22 11.234±0.05 40.85±0.18 58.8±0.9 58.6±1.0 
-Ionone 6161.6±28 12.903±0.06 51.22±0.23 72.7±3.0 72.6±1.1 
2-Pentadecanone 7365.7±33 14.776±0.07 61.24±0.27 86.0±1.7 86.1±1.2 
Isojasmone Aa 5666.9±28 12.301±0.06 47.11±0.23  67.0±1.0 
Isojasmone Bb 5851.8±29 12.627±0.07 48.65±0.24  69.1±1.1 
 
 
Δ gH (298.15 K)/kJmol-1 = (1.3490.015)H (439 K) + (3.460.75); r2 = 0.9997 
l m trn 
(AIV-E6) 
a)  2-Pentyl-2-cyclohexen-1-one 
b) 2-Hexyl-2-cyclopenten-1-one 
 
 
 
 
Table AIV-7 
 
Vaporization enthalpies of the standards 
 
  gH (T ) 
l m m 
 
Tm/K 
Cp(l) Cp(l)  
gH (298.15 K) 
l m 
 kJmol-1 JK-1mol-1 kJmol-1 kJmol-1 
2-Heptanone 47.6±0.4 298.15 
  
47.6±0.4a,b 
2-Nonanone 56.4±0.1 298.15   56.4±0.1c 
6-Undecanone 55.2±0.1 403.4 376.5 11.4±1.9 66.6±1.9c 
(-)-Verbenone 58.8±0.9 298.15   58.8±0.9d 
2-Tridecanone 71.9±0.4 330.15 440.3 4.0±1.1 75.9±1.2e 
Acetophenone 55.4±0.4 298.15   55.4±0.4f 
Benzophenone 76.5±2.7 298.15   76.5±2.7g 
2-Pentadecanone 86.0±1.7 298.15   86.0±1.7a 
a S. Sunner, C. Svensson, and A. S. Zelepuga, A. S. J. Chem. Thermodyn. 11 (1979) 491- 
495. 
188  
b Calculated from the vapor pressure data from T/K =(388.3 to 418.5). D. Ambrose, J. H. 
Ellender, E. B. Lees, C. H. S. Sprake, R. Townsend J. Chem. Thermodyn 7 (1975) 453-72. 
c P. Sellers, J. Chem. Thermodyn. 9, 139-142 (1977). 
d V. Steja, M. Fulem, K. Ruzicka, C. Cervinka, M. A.A. Rocha, L. M. N. B. F. Santos, B. 
Schroeder, Thermodynamic study of selected monoterpenes J. Chem. Thermodyn. 2013 60, 
117-125. axerage of 58.57+ 58.9 = 58.8 
e E. F. Meyer, R. E. Wagner, J. Phys. Chem. 70 (1966) 3162-3168. 
f W. V. Steele, R. D. Chirico, S. E. Knipmeyer, A. Nguyen, J. Chem. Eng. Data 41 (1996) 
1255-68. 
g see Table AIV-7B 
 
 
 
 
Table AIV-7B 
Temperature adjustments of sublimation and fusion enthalpies of benzophenone to TR; TR 
= 298.15 K; po = 101325 Pa 
 gH (T ) cr m m 
kJmol-1 
 Cp(l)/Cp(cr) 
 
JK-1mol-1 
CpT 
 
kJmol-1 
crgHm(TR) 
 
kJmol-1 
lH (T ) cr      m     m 
kJmol-1 
Tm/K CpT 
 
kJmol-1 
gH (T ) cr m R 
kJmol-1 
Tm/K   
93.1±2.1a 298.15   93.1±2.1 18.47±0.02e 321.3 -1.27±0.4 17.20±0.4 
93.9±0.5b 307 300.1/220 0.30 94.2±0.5 18.61±0.02f 321.2 -1.26±0.4 17.35±0.4 
92.9±0.8c 306 300.1/220 0.26 93.2±0.8 
    
94.6±0.8d 298.15 
  
94.9±0.8 
    
   Avg 93.8±1.1  Avg -1.27±0.4 17.3±0.4 
         
 gH (T ) 
cr m     R 
 
kJmol-1 
 crgHm(TR) 
kJmol-1 
 
 gH (T ) 
l m     R 
kJmol-1 
    
93.8±1.1  17.3±0.4  76.5±1.2     
a S. P. Verevkin, Thermochim. Acta 310 (1998) 229 
b C. G. Dekruif and C. H. D. van Ginkel, J. Chem. Thermodyn. 9, (1977) 725–730. 
c C. H. D. van Ginkel, G. C. Dekruif, and F. E. B. DeWaal, J. Phys. E: Sci. Instrum. 8 
(1975) 490–492 
189  
d C. G. DeKruif and H. A. Oonk, Chem. Ing. Tech. 45 (1973) 455–461 (1973); Chem. 
Abstr. 78, 152198u (1973). 
e  R. D. Chirico, S. E. Knipmeyer, W.V. Steele, J. Chem . Thermodyn. 34 (2002) 1885-. 
f  M. Hanaya, T. Hikirna, M. Hatase, M. Oguni, J. Chem. Thermodyn. 34 (2002) 1173-. 
 
 
 
 
Table AIV-8 
 
Vapor pressures used to evaluate the constants of the second order polynomial for 2- 
pentadecanone 
2- Pentadecanone: ln(p/po) = 8.96430.01 
- (3235.26.8)/T - (1,068,9641655).102/T2 (AIV-E7) 
 
2-Pentadecanone Ref [AIV-R2] 
  T/K p/Pa 
298.2 0.120 
424.0 1004.360 
429.0 1259.693 
433.9 1562.638 
438.8 1926.517 
443.7 2361.075 
448.6 2877.175 
458.6 4235.172 
468.6 6103.333 
478.6 8624.462 
488.6 11967.083 
498.6 16327.067 
508.6 21929.008 
518.6 29027.352 
528.6 37907.335 
538.6 48885.823 
548.6 62312.115 
558.6 78568.839 
  568.6 98073.042 
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Table AIV-9 
 
Liquid vapor pressures from T = (298.15 to 450) K; po =101325 Paa 
 
Runs 1 
& 2 
 
Geranylacetone 
 
Nerylacetone 
 
d-Carvone 
 
β-Ionone 
 
β-Damascenone 
 
(-)-Verbenone 
T/K   p/Pa   
298.15 1.2±0.13 1.5±0.17 12.8±1.4 1.1±0.12 3.1±0.34 19±2.1 
310 3.8±0.35 4.6±0.43 33±3.1 3.3±0.30 8.8±0.82 48±4.5 
320 9.0±0.76 11±0.91 68±5.8 7.7±0.65 20±1.7 97±8.2 
330 20±1.6 24±1.9 134±10 17±1.3 41±3.2 185±14 
340 42±3.05 49±3.6 248±18 35±2.6 81±5.9 336±24 
350 83±5.6 97±6.6 441±30 70±4.7 153±10 584±40 
360 157±9.9 182±11 750±47 131±8.2 276±17 975±61 
370 284±16.4 326±19 1230±71 235±14 477±28 1572±91 
380 492±26 563±30 1951±103 405±21 794±42 2452±129 
390 824±39 936±45 3000±143 674±32 1278±61 3714±177 
400 1335±57 1507±64 4489±192 1086±46 1994±85 5477±234 
410 2098±80 2357±90 6548±251 1697±65 3026±116 7882±302 
420 3209±111 3586±124 9333±323 2580±89 4477±155 11090±383 
430 4787±153 5323±171 13022±417 3825±123 6469±207 15287±490 
440 6977±218 7723±241 17819±557 5542±173 9147±286 20678±646 
450 9955±325 10974±358 23946±781 7861±256 12680±414 27483±897 
 
 
 
Runs 3 & 4 * 
 
Benzophenone 
 
cis-Jasmone 
 
Isojasmone B 
 
Isojasmone A * 
T/K   p/Pa  
298.15 0.33±0.23 2.2±1.3 1.9±1.1 3.4±0.93 
310 1.1±0.68 6.3±3.4 5.7±3.1 9.8±2.3 
320 2.7±1.5 14±7.1 13±6.5 22±4.5 
330 6.3±3.2 31±14 29±13 45±8.2 
340 14±6.3 63±25 59±23 90±14 
350 28±1.5 120±42 114±40 169±23 
360 54±20 220±68 212±65 303±34 
370 99±32 387±104 376±101 521±50 
380 175±50 654±151 643±149 866±69 
390 298±74 1068±210 1061±209 1390±90 
400 489±104 1691±280 1695±281 2166±112 
410 777±140 2600±357 2631±360 3282±133 
420 1198±182 3895±435 3976±441 4848±150 
430 1798±227 5697±506 5865±516 6996±162 
440 2630±271 8147±560 8460±573 9884±170 
450 3759±312 11416±588 11954±602 13693±177 
191  
*) Isojasmone A measured in runs 5 & 6 
 
a) Uncertainties refer to one standard deviation evaluated from the uncertainty in the 
slope and intercept of the line obtained from each correlation of ln(to/ta)avg and ln(p/po) at 
each temperature for combined runs 1-6 
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Appendix V 
 
 
Table AV-1A 
Experimental Retention Times of PMC and Various n-Alkanes 
 
Run 1 452.7 457.9 462.9 468 473 478.1 483.2 
to = 60 s 
   t/to 
   
CH2Cl2 0.936 0.949 0.951 0.962 0.967 0.974 0.979 
Hexadecane 3.583 3.203 2.885 2.639 2.419 2.234 2.079 
Heptadecane 4.900 4.294 3.795 3.401 3.061 2.777 2.541 
PMC 6.215 5.439 4.796 4.277 3.832 3.456 3.141 
Nonadecane 9.783 8.295 7.062 6.106 5.303 4.641 4.101 
Eicosane 14.053 11.721 9.842 8.365 7.155 6.165 5.361 
Heneicosane 20.358 16.81 13.901 11.644 9.820 8.334 7.139 
 
 
 
 
 
Table AV-1B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of PMC (po/Pa =101325) 
 
Run 1 - slope 
 
T/K 
intercept Htrn(468 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Hexadecane 6293.4±22 12.933±0.047 52.32±0.18 81.35±0.8 81.4±1.1 
Heptadecane 6680.9±22 13.385±0.047 55.54±0.18 86.47±1.7 86.3±1.1 
PMC 6405.4±18 12.489±0.039 53.25±0.15  82.8±1.1 
Nonadecane 7484.9±25 14.357±0.054 62.23±0.21 96.44±1.9 96.7±1.2 
Eicosane 7876.3±25 14.828±0.053 65.48±0.20 101.81±2.0 101.8±1.2 
193  
Heneicosane 8259.4±0.27 15.28±0.057 68.67±0.22 106.8±2.2 106.7±1.2 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.550.014)Htrn(468 K) + 0.2110.0.83) r
2 = 0.9998 (AV-E1) 
 
 
 
 
 
 
 
Table AV-2A 
 
Experimental Retention Times of PMC and Various n-Alkanes 
 
Run 2 452.7 457.9 463 468 473.1 478.2 483.2 
to = 60 s 
   t/to 
   
CH2Cl2 0.937 0.947 0.955 0.964 0.972 0.961 0.986 
Hexadecane 3.580 3.197 2.892 2.635 2.424 2.226 2.089 
Heptadecane 4.902 4.288 3.802 3.399 3.068 2.771 2.552 
PMC 6.222 5.433 4.803 4.277 3.840 3.453 3.154 
Nonadecane 9.817 8.287 7.084 6.103 5.315 4.644 4.117 
Eicosane 14.105 11.718 9.861 8.369 7.173 6.174 5.380 
Heneicosane 20.512 16.807 13.942 11.655 9.844 8.352 7.163 
 
 
 
 
 
Table AV-2B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of PMC (po/Pa =101325) 
 
Run 2 - slope 
 
T/K 
intercept Htrn(468 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
Hexadecane 6250.6±20 12.840±0.043 51.96±0.17 81.35±0.8 81.4±1.1 
194  
Heptadecane 6646.1±29 13.309±0.049 55.25±0.19 86.47±1.7 86.4±1.1 
PMC 6374.6±20 12.421±0.044 53.00±0.17  82.9±1.1 
Nonadecane 7464.6±24 14.310±0.051 62.06±0.20 96.44±1.9 96.7±1.2 
Eicosane 7856.9±25 14.783±0.053 65.32±0.20 101.81±2.0 101.7±1.2 
Heneicosane 8261.1±25 15.279±0.053 68.68±0.21 106.8±2.2 106.8±1.2 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.520.013)Htrn(468 K) + 
(2.350.0.82) 
r2 = 0.9998 (AV-E2) 
 
 
 
 
 
 
 
Table AV-3A 
 
Experimental Retention Times of (±) -Tocopherol and Various n-Alkanes 
 
Run 3 518.5 523.6 528.7 533.7 538.5 543.2 547.7 
to = 60 s 
   t/to 
   
CH2Cl2 1.035 1.04 1.042 1.048 1.051 1.056 1.068 
PMC 1.957 1.867 1.784 1.716 1.653 1.603 1.570 
Tetracosane 5.824 5.117 4.523 4.031 3.616 3.292 3.035 
Octacosane 15.434 12.983 10.972 9.353 8.015 6.982 6.164 
Triacontane 25.751 21.278 17.64 14.766 12.426 10.616 9.194 
(±) -Tocopherol 32.175 26.707 22.204 18.641 15.662 13.426 11.604 
Dotriacontane 43.303 35.243 28.72 23.644 19.560 16.434 13.984 
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Table AV-3B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of (±) -Tocopherol (po/Pa =101325) 
 
Run 3 - slope 
 
T/K 
intercept Htrn(533 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l  Hm(298 K) 
kJmol-1(calc) 
PMC 5951.0±28 11.557±0.052 49.47±0.23 85.3±1.8a 84.9±1.5 
Tetracosane 8688.8±29 15.191±0.055 72.24±0.24 121.9±2.8 122.5±1.8 
Octacosane 10133.2±32 16.875±0.060 84.24±0.27 141.9±4.9 142.4±1.9 
Triacontane 10845.3±31 17.708±0.058 90.16±0.26 152.3±0.6 152.2±2.0 
(±) -Tocopherol 10566.6±42 16.938±0.078 87.85±0.35 
 
148.3±2.0 
Dotriacontane 11557.6±36 18.544±0.068 96.09±0.30 162.5±0.7 162.0±2.1 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.6540.016)Htrn(533 K) + 
(3.071.3) 
r2 = 0.9999 (AV-E3) 
a Literature value [AV-R1]. 
 
 
 
 
Table AV-3C 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of PMC and (±) -Tocopherol (po/Pa =101325) 
 
Run 3 - slope 
 
T/K 
intercept Htrn(533 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l  Hm(298 K) 
kJmol-1(calc) 
PMC 5951.0±28 11.557±0.052 49.47±0.23  83.0±1.4 
Tetracosane 8688.8±29 15.191±0.055 72.24±0.24 121.9±2.8 121.8±1.6 
Octacosane 10133.2±32 16.875±0.060 84.24±0.27 141.9±4.9 142.2±1.7 
Triacontane 10845.3±31 17.708±0.058 90.16±0.26 152.3±0.6 152.3±1.8 
(±) -Tocopherol 10566.6±42 16.938±0.078 87.85±0.35  148.3±1.8 
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Dotriacontane 11557.6±36 18.544±0.068 96.09±0.30 162.5±0.7 162.4±1.9 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.700.014)Htrn(533 K) - 
(1.231.25) 
r2 = 0.9999 (AV-E4) 
 
 
 
 
 
 
 
Table AV-4A 
 
Experimental Retention Times of (±) -Tocopherol and Various n-Alkanes 
 
Run 4 518.5 523.6 528.6 533.6 538.5 543.3 548 
to = 60 s 
   t/to 
   
CH2Cl2 1.031 1.034 1.039 1.044 1.045 1.051 1.056 
PMCa 1.947 1.857 1.778 1.707 1.648 1.594 1.549 
Tetracosane 5.787 5.084 4.504 4.012 3.606 3.269 2.985 
Octacosane 15.33 12.899 10.926 9.302 7.992 6.935 6.055 
Triacontane 25.558 21.132 17.553 14.681 12.374 10.544 9.024 
(±)-Tocopherol 31.883 26.398 22.032 18.497 15.551 13.295 11.389 
Dotriacontane 42.957 35.011 28.584 23.523 19.485 16.315 13.732 
 
 
 
 
 
Table AV-4B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of (± -Tocopherol (po/Pa =101325) 
 
Run 4 - slope 
 
T/K 
intercept Htrn(533 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l  Hm(298 K) 
kJmol-1(calc) 
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PMCa 5961.2±30 11.582±0.057 49.56±0.25 85.3±1.8 84.8±1.7 
Tetracosane 8688.8±18 15.198±0.034 72.24±0.15 121.9±2.8 122.6±2.0 
Octacosane 10122.8±21 16.862±0.039 84.16±0.17 141.9±4.9 142.4±2.1 
Triacontane 10827.4±23 17.682±0.043 90.01±0.19 152.3±0.6 152.2±2.2 
(±) -Tocopherol 10533.7±25 16.886±0.047 87.57±0.21 
 
148.1±2.2 
Dotriacontane 11528.2±29 18.496±0.055 95.84±0.24 162.5±0.7 161.9±2.3 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.6650.018)Htrn(533 K) + (2.331.5) r
2 = 0.9996 (AV-E5) 
 
a Literature value [AV-R1]. 
 
 
 
 
Table AV-4C 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of PMC and (±) -Tocopherol (po/Pa =101325) 
 
Run 4 - slope 
 
T/K 
intercept Htrn(533 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l  Hm(298 K) 
kJmol-1(calc) 
PMC 5961.2±30 11.582±0.057 49.56±0.25  82.7±1.7 
Tetracosane 8688.8±18 15.198±0.034 72.24±0.15 121.9±2.8 121.7±1.9 
Octacosane 10122.8±21 16.862±0.039 84.16±0.17 141.9±4.9 142.2±2.0 
Triacontane 10827.4±23 17.682±0.043 90.01±0.19 152.3±0.6 152.3±2.1 
(±) -Tocopherol 10533.7±25 16.886±0.047 87.57±0.21 
 
148.1±2.0 
Dotriacontane 11528.2±29 18.496±0.055 95.84±0.24 162.5±0.7 162.3±2.1 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.7190.017)Htrn(533 K) - (2.491.43) r
2 = 0.9998 (AV-E6) 
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Table AV-5A 
 
Experimental Retention Times of PMC, THC and Various n-Alkanes 
 
Run 5 488 493.3 498.4 503.4 508.5 513.5 518.5 
to = 60 s 
   t/to 
   
CH2Cl2 0.976 0.983 0.988 0.993 0.997 1.001 0.998 
PMC 2.866 2.64 2.444 2.284 2.138 2.019 1.906 
Eicosane 4.68 4.139 3.688 3.319 3.000 2.741 2.516 
Heneicosane 6.125 5.338 4.683 4.15 3.696 3.33 3.016 
Docosane 8.125 6.976 6.034 5.272 4.628 4.111 3.675 
Tetracosane 14.646 12.276 10.354 8.804 7.534 6.524 5.682 
THC 17.73 14.923 12.619 10.766 9.222 7.992 6.96 
Pentacosane 19.86 16.438 13.708 11.527 9.744 8.344 7.183 
Hexacosane 26.955 22.10 18.219 15.169 12.689 10.74 9.131 
 
 
 
 
 
Table AV-5B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of THC; (po/Pa =101325) 
 
Run 5 - slope 
 
T/K 
intercept Htrn(503 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
PMCa -6123.616 11.910.032 50.910.13 85.3±1.8 84.81.2 
Eicosane -7457.822 13.9710.044 62.000.18 101.81±2.0 102.21.3 
Heneicosane -7834.024 14.4120.047 65.130.20 106.8±2.2 107.11.3 
Docosane -8214.627 14.8640.053 68.290.22 111.92.7 112.11.3 
Tetracosane -8958.926 15.740.051 74.480.22 121.9±2.8 121.81.4 
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THC -8642.523 14.8880.059 71.850.25  117.71.4 
Pentacosane -9331.130 16.180.059 77.580.25 126.8±2.9 126.61.4 
Hexacosane -9704.224 16.6250.047 80.680.20 131.73.2 131.51.5 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.570.014)Htrn(503 K) + 5.000.96) r
2 = 0.9996 (AV-E7) 
 
a Literature value [AV-R1]. 
 
 
 
 
Table AV-5C 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of PMC and THC; (po/Pa =101325) 
 
Run 5 - slope 
 
T/K 
intercept Htrn(503 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
PMC -6123.616 11.910.032 50.910.13  84.00.3 
Eicosane -7457.822 13.9710.044 62.000.18 101.81±2.0 101.80.3 
Heneicosane -7834.024 14.4120.047 65.130.20 106.8±2.2 106.80.3 
Docosane -8214.627 14.8640.053 68.290.22 111.92.7 111.90.3 
Tetracosane -8958.926 15.740.051 74.480.22 121.9±2.8 121.803 
THC -8642.523 14.8880.059 71.850.25 
 
117.60.3 
Pentacosane -9331.130 16.180.059 77.580.25 126.8±2.9 126.80.3 
Hexacosane -9704.224 16.6250.047 80.680.20 131.73.2 131.80.3 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.600.003)Htrn(503 K) + 2.400.22) r
2 = 0.9999 (AV-E8) 
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Table AV-6A 
 
Experimental Retention Times of PMC, THC and Various n-Alkanes 
 
Run 5 488.2 493.3 498.3 503.4 508.6 513.6 518.6 
to = 60 s 
   t/to 
   
CH2Cl2 0.989 0.994 0.997 0.997 1.009 1.012 1.014 
PMC 2.895 2.673 2.467 2.295 2.166 2.037 1.93 
Eicosane 4.727 4.185 3.722 3.338 3.037 2.767 2.545 
Heneicosane 6.183 5.392 4.725 4.178 3.741 3.362 3.051 
Docosane 8.199 7.046 6.088 5.31 4.684 4.148 3.712 
Tetracosane 14.789 12.388 10.434 8.875 7.622 6.577 5.731 
THC 17.915 15.067 12.712 10.839 9.318 8.051 7.02 
Pentacosane 20.018 16.593 13.813 11.616 9.858 8.41 7.239 
Hexacosane 27.18 22.289 18.354 15.28 12.825 10.826 9.222 
 
 
 
 
 
Table AV-6B 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate Vaporization 
Enthalpies of THC; (po/Pa =101325) 
 
Run 6 - slope 
 
T/K 
intercept Htrn(503 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
PMCa -6102.841 11.8580.081 50.740.34 85.3±1.8 84.10.4 
Eicosane -7426.937 13.8890.074 61.740.31 101.81±2.0 102.20.4 
Heneicosane -7790.236 14.3140.072 64.760.30 106.8±2.2 107.00.4 
Docosane -8178.035 14.7810.071 67.990.30 111.92.7 112.10.4 
Tetracosane -8927.037 15.6670.074 74.220.31 121.9±2.8 121.90.4 
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THC -8620.840 14.8350.080 71.670.33  117.70.4 
Pentacosane -9292.838 16.0950.075 77.260.32 126.8±2.9 126.70.4 
Hexacosane -9649.042 16.5060.83 80.220.35 131.73.2 131.50.4 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.610.004)Htrn(503 K) + 2.310.3) r
2 = 0.9999 (AV-E9) 
 
a Literature value [AV-R1]. 
 
 
 
 
Table AV-6C 
 
Enthalpies of Transfer and Vaporization Enthalpies Used to Evaluate the Vaporization 
Enthalpies of PMC and THC; (po/Pa =101325) 
 
Run 6 - slope 
 
T/K 
intercept Htrn(503 K) 
kJmol-1 
g 
l Hm(298 K) 
kJmol-1 (lit) 
g 
l Hm(298 K) 
kJmol-1(calc) 
PMC -6102.841 11.8580.081 50.740.34  84.10.4 
Eicosane -7426.937 13.8890.074 61.740.31 101.81±2.0 101.80.4 
Heneicosane -7790.236 14.3140.072 64.760.30 106.8±2.2 106.70.4 
Docosane -8178.035 14.7810.071 67.990.30 111.92.7 111.90.4 
Tetracosane -8927.037 15.6670.074 74.220.31 121.9±2.8 122.004 
THC -8620.840 14.8350.080 71.670.33 
 
117.80.4 
Pentacosane -9292.838 16.0950.075 77.260.32 126.8±2.9 126.90.4 
Hexacosane -9649.042 16.5060.83 80.220.35 131.73.2 131.60.4 
 
 
g -1 
l Hm(298.15 K)/kJmol = (1.610.004)Htrn(503 K) + 
2.310.30) 
r2 = 0.9999 (AV-E10) 
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Table AV-7 Correlations of ln(p/po) with ln(to/ta); Evaluation of the Vapor pressure of 
PMC and THC at T =298.15 K; po = 101325; uncertainties represent one standard 
deviation 
 
 -slope intercept ln(to/ta)avg ln(p/po)exp ln(p/po)calc 
PMC 6123.6 11.91    
 6102.8 11.86 -8.62  -14.46±0.4 
Eicosane 7457.8 13.97    
 7426.9 13.90 -11.03 -17.70 -17.72±0.5 
Heneicosane 7834.0 14.41    
 7790.2 14.31 -11.84 -18.84 -18.83±0.05 
Docosane 8214.6 14.86    
 8178.0 14.78 -12.67 -19.97 -19.95±0.05 
Tetracosane 8958.9 15.74    
 8927.0 15.67 -14.29 -22.17 -22.16±0.06 
THC 8642.5 14.89    
 8620.8 14.84 -14. 09  -21.88±0.06 
Pentacosane 9331.1 16.18    
 9292.8 16.09 -15.09 -23.24 -23.25±0.06 
Hexacosane 9704.2 16.62    
 9649.0 16.51 -15.89 -24.31 -24.33±0.06 
 
 
ln(p/po) = (1.36±0.005) ln(to/ta) - (2.75±0.07); r2 = 0.9999 (AV-E11) 
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Table AV-8 Correlation of ln(p/po) of the standards of runs 3 and 4 with their 
corresponding ln(to/ta) values at T = 298.15 K using PMC as a standard; po = 101325 Pa; 
uncertainties represent one standard deviation 
 
Runs 3 & 4 -Slope Intercept ln(to/ta)avg ln(p/po)exp ln(p/po)calc 
PMC 5951.0 11.557    
 5961.2 11.582 -8.41 -14.2679 -14.28±0.14 
Tetracosane 8688.8 15.191    
 8688,8 15.198 -13.95 -22.1747 -22.11±0.18 
Octacosane 10133.2 16.875    
 10122.8 16.862 -17.10 -26.4896 -26.56±0.20 
Triacontane 10845.3 17.708    
 10827.4 17.682 -18.65 -28.7478 -28.75±0.21 
1-Tocopherol 10566.6 16.938    
 10533.7 16.886 -18.47  -28.50±0.10 
Dotriacontane 11557.6 18.544    
 11528.2 18.496 -20.19 -30.9639 -30.93±0.22 
 
 
 
Table AV-9 Evaluation of the vapor pressure of (±) -Tocopherol . Correlation of 
ln(to/ta) of the standards of runs 1 and 2 with their corresponding ln (p/po) values at T = 
298.15 K; po = 101325 Pa; uncertainties represent one standard deviation 
 
 
 
Runs 3 & 4 ln(to/ta)avg ln(p/po)exp ln(p/po)calc 
PMC -8.41  -14.34±0.30 
Tetracosane -13.95 -22.1747 -22.13±0.37 
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Octacosane -17.10 -26.4896 -26.57±0.34 
Triacontane -18.65 -28.7478 -28.75±0.39 
Dotriacontane -20.19 -30.9639 -30.92±0.41 
1-Tocopherol -18.47  -28.50±0.39 
 
 
ln(p/po) = (1.407±0.015) ln(to/ta) - (2.51±0.27); r2 = 0.9998 (AV-E12) 
 
 
 
 
 
 
 
Table AV-10 A comparison of vapor pressures (Pa) of PMC, THC, and (±) -Tocopherol 
correlated with n-alkanes where po = 1011325 Pa 
Tetrahydrocannabinol 2,2,5,7,8-Pentamethylchroman-6-ol (±) -Tocopherol 
  104p/Pa  
298.15 0.3±0.024 640±50 0.00042±0.000044 
310 1.85±0.1 2300±150 0.0041±0.00039 
320 7.5±0.5 6200±360 0.024±0.002 
330 27±2 15000±800 0.12±0.01 
340 91±5 36000±2000 0.54±0.04 
350 280±15 78000±3000 2.2±0.1 
360 780±40 160000±5500 8±0.5 
370 2000±100 320000±9500 27±1 
380 4900±230 590000±16000 82±4.2 
390 11000±480 107000±24000 230±11 
  102p/Pa  
400 250±10 18500±370 6.2±0.3 
410 510±19 31000±520 15±0.6 
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420 1020±34 50000±720 36±1.3 
430 1900±59 7800±950 80±3 
440 3500±98 12000±1200 170±5 
450 6200±160 18000±1400 340±9 
  p/Pa  
460 100±2.4 2600±16 6.6±0.15 
470 170±3.4 3700±16 12±0.24 
480 280±4.8 5100±16 22±0.37 
490 430±6.5 7000±15 39±0.56 
500 650±8.5 9500±12 65±0.8 
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